















Submitted in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy  




























































 The synthesis of macromolecules with complex yet highly controlled molecular 
architectures has attracted significant attention in the past few decades due to the growing demand 
for specialty polymers that possess novel properties. Despite recent efforts, current synthetic routes 
lack the ability to control several important architectural variables while maintaining low 
polydispersity index. This dissertation explores a new synthetic scheme for the modular assembly 
of hierarchically structured polymers (MAHP) that allows virtually any complex polymer to be 
assembled from a few basic molecular building blocks using a single common coupling chemistry. 
Complex polymer structures can be assembled from a molecular toolkit consisting of (1) copper-
catalyzed azide-alkyne cycloaddition (CuAAC), (2) linear heterobifunctional macromonomers, (3) 
a branching heterotrifunctional molecule, (4) a protection/deprotection strategy, (5) “click” 
functional solid substrates, and (6) functional and responsive polymers. This work addresses the 
different challenges that emerged during the development of this synthetic scheme, and presents 
strategies to overcome those challenges.  
Chapter 3 investigates the alkyne-alkyne (i.e. Glaser) coupling side reactions associated 
with the atom transfer radical polymerization (ATRP) synthesis of alkyne-functional 
macromonomers, as well as with the CuAAC reaction of alkyne functional building blocks. In 
typical ATRP synthesis of unprotected alkyne functional polymers, Glaser coupling reactions can 
significantly compromise the polymer functionality and undermine the success of subsequent click 
 reactions in which the polymers are used. Two strategies are reported that effectively eliminate 
these coupling reactions: (1) maintaining low temperature post-ATRP upon exposure to air, 
followed by immediate removal of copper catalyst; and (2) adding excess reducing agents post-
ATRP, which prevents the oxidation of Cu(I) catalyst required by the Glaser coupling mechanism.  
Post-ATRP Glaser coupling was also influenced by the ATRP synthesis ligand used. The order of 
ligand activity for catalyzing Glaser coupling was: linear bidentate > tridentate > tetradentate. 
Glaser coupling can also occur for alkynes held under CuAAC reaction conditions but again can 
be eliminated by adding appropriate reducing agents. With the strategy presented in Chapter 3, 
alkyne-terminated polymers of high-functionality were produced without the need for alkyne 
protecting groups. 
These “click” functional building blocks were employed to investigate the overall 
efficiency of the CuAAC “click” coupling reactions between alkyne- and azide-terminated 
macromonomers as discussed in Chapter 4. Quantitative convolution modeling of the entire 
molecular weight distribution post-CuAAC indicates a CuAAC efficiency of about 94% and an 
azide substitution efficiency of >99%. However, incomplete functionality of the azide-terminated 
macromonomer (~92%) proves to be the largest factor compromising the overall efficacy of the 
coupling reactions, and is attributed primarily to the loss of bromine functionality during synthesis 
by ATRP.  
To address this issue, we discuss in Chapter 6 the development of a new set of molecular 
building blocks consisting of alkyne functional substrates and heterobifunctional degradable 
linkers that allow the growth and subsequent detachment of polymers from the solid substrate. 
Complex polymeric structures are created by progressive cycles of CuAAC and deprotection 
reactions that add building blocks to the growing polymer chain ends. We demonstrate that these 
 building blocks were completely stable under both CuAAC and deprotection reaction conditions. 
Since the desired product is covalently bound to the solid surface, the unreacted 
monomers/macromonomers and by-products (i.e. non-functional building blocks) can be easily 
separated from the product via removal of the polymer-tethered solid substrate in one step.  
Chapter 5 discusses how MAHP was employed to prepare a variety of hierarchically 
structured polymers and copolymers with controlled branching architectures. α-azido,ω-TIPS-
alkyne-heterobifunctional and heterotrifunctional building blocks were first prepared via ATRP 
and organic synthesis. Preliminary NMR and SEC studies demonstrated that these building blocks 
all satisfied the criteria necessary for MAHP: (1) the TIPS protecting group is stable during ATRP 
and CuAAC, (2) the “click” functionality is completely regenerated during the deprotection step, 
and (3) the CuAAC reaction of branching macromonomers is quantitative (>94%). To demonstrate 
the concept, poly(n-butyl acrylate)-b-dipolystyrene-b-dipoly(tert-butyl acrylate) penta-block 
branching copolymacromer was prepared via MAHP and quantitively characterized with SEC and 
NMR. 
In Chapter 7, we introduce a new family of molecular building blocks consisting of 
temperature-responsive and acid-degradable polyacetals with main-chain “click” functionalities. 
These water-soluble polyacetal polymers respond not only to pH, degrading under acidic 
conditions, but also to temperature. The polymers exhibit an exquisite lower critical solution 
temperature (LCST) behavior that can be precisely tuned within a range of 7-84°C by controlling 
the hydrophobic/hydrophilic balance of the monomers. The polyacetals were relatively stable at 
neutral pH but degraded rapidly under acidic conditions. Internal alkyne and alkene functionalities 
were incorporated into the backbones of these polymers, enabling attachment of small molecules 
(i.e. therapeutic agents) onto the backbones. Finally, to broaden the scope of potential molecules 
 for conjugation with the internal functional sites of the polymer, an α-azido,ω-vinyl ether 
heterobifunctional molecular linker was prepared. The linker can be conjugated with virtually any 
hydroxyl molecule, providing the molecule with an azide moiety that enables the subsequent click 
reaction with the internal alkyne of the polyacetal. 
i 
 
Table of Contents 
 
List of Figures and Schemes ............................................................................................................. iv 
List of Tables ................................................................................................................................... xv 
Acknowledgements ........................................................................................................................ xvi 
Chapter 1. Introduction ................................................................................................................... 1 
1.1. Motivation ....................................................................................................................................... 1 
1.2. Current Solution ............................................................................................................................... 3 
1.2.1. Controlled Radical Polymerization .......................................................................................... 3 
1.2.2. Atom Transfer Radical Polymerization (ATRP) ........................................................................ 5 
1.2.3. Applications of ATRP for the preparation of hierarchically structured macromolecules ........ 9 
1.2.4. Major limitations of ATRP ..................................................................................................... 12 
1.3. Proposed Solution: Modular Assembly of Hierarchically-Structured Polymers ............................ 15 
1.3.1. Requirements for MAHP ........................................................................................................ 18 
1.3.2. Molecular toolkit: Background and Significance ................................................................... 19 
1.4. Summary of Introduction ............................................................................................................... 28 
References .................................................................................................................................................. 29 
 
Chapter 2. Experimental Techniques ............................................................................................. 40 
2.1. Size exclusion chromatography (SEC) ............................................................................................ 40 
2.1.1. SEC detectors ......................................................................................................................... 42 
2.1.2. Obtaining the molecular weight distribution from an SEC chromatogram .......................... 44 
2.2. Nuclear magnetic resonance spectroscopy (NMR)........................................................................ 48 
2.2.1. Nuclear magnetization .......................................................................................................... 48 
2.2.2. The radiofrequency field ........................................................................................................ 50 
2.2.3. Influence of electrons and adjacent protons on the NMR signal .......................................... 52 
2.3. Fourier transfer Infrared spectroscopy (FTIR) ............................................................................... 55 
2.3.1. Mode of vibration of molecules ............................................................................................. 55 
2.3.2. Infrared radiation/absorptions ............................................................................................. 57 
2.3.3. Fourier-transform spectrometer ........................................................................................... 58 
2.4. Thermogravimetric analysis (TGA) ................................................................................................. 60 
ii 
 
References .................................................................................................................................................. 62 
 
Chapter 3. Preventing Alkyne−Alkyne (i.e., Glaser) Coupling Associated with the ATRP Synthesis of 
Alkyne-Functional Polymers/Macromonomers and for Alkynes under CuAAC Reaction Conditions64 
3.1. Introduction ................................................................................................................................... 64 
3.2. Experimental Section ..................................................................................................................... 69 
3.3. Results and Discussion ................................................................................................................... 76 
3.3.1. Glaser coupling, a side reaction to ATRP. .............................................................................. 76 
3.3.2. Eliminating Glaser coupling of alkyne-terminated polymers by maintaining low temperature 
after polymerization during copper catalyst removal ............................................................................ 91 
3.3.3. Reducing agents eliminate room temperature Glaser coupling of alkynes under CuAAC 
reaction conditions ................................................................................................................................. 95 
3.3.4. Reducing agents eliminate room temperature Glaser coupling of alkyne-terminated 
polymers post ATRP ................................................................................................................................ 96 
3.3.5. Reducing agents prevent room temperature Glaser coupling during ARGET-ATRP synthesis 
of alkyne-terminated polymers in the limited presence of air ................................................................ 98 
3.3.6. Effect of ATRP synthesis ligands on Glaser Coupling of alkyne-terminated polymers ........ 100 
3.4. Conclusions .................................................................................................................................. 103 
References ................................................................................................................................................ 105 
 
Chapter 4. How Good is CuAAC “Click” Chemistry for Polymer Synthesis? ................................... 112 
4.1. Introduction ................................................................................................................................. 112 
4.2. Experimental Section ................................................................................................................... 114 
4.3. Results and Discussion ................................................................................................................. 118 
4.3.1. The synthesis and characterization of ‘click’ functional macromolecules .......................... 118 
4.3.2. CuAAC reaction kinetics and side reactions ........................................................................ 125 
4.3.3. The CuAAC efficiency between alkyne- and azide- terminating polymer/macromonomer 135 
4.4. Summary ...................................................................................................................................... 141 
References ................................................................................................................................................ 142 
 
Chapter 5. Controlled Assembly of Branching Polymers and Copolymers .................................... 147 
5.1. Introduction ................................................................................................................................. 147 
5.2. Experimental Section ................................................................................................................... 150 
iii 
 
5.3. Results and Discussion ................................................................................................................. 169 
5.3.1. Strategies for the assembly of linear and branched molecular building blocks .................. 169 
5.3.2. Synthesis of molecular building blocks for MAHP ............................................................... 171 
5.3.3. Examining the stability of functional groups during CuAAC ............................................... 186 
5.3.4. Determining the CuAAC efficiency between alkyne- and azide- macromonomers to form 
branching polymacromers .................................................................................................................... 190 
5.3.5. Modular Assembly of Branching Copolymers ..................................................................... 201 
5.4. Summary ...................................................................................................................................... 218 
References ................................................................................................................................................ 219 
 
Chapter 6. Solid Phase Synthesis of Hierarchically Structured Polymers ...................................... 222 
6.1. Introduction ................................................................................................................................. 222 
6.2. Experimental Section ................................................................................................................... 226 
6.3. Results and Discussion ................................................................................................................. 233 
6.3.1. Self-Assembled Monolayer (SAM) ....................................................................................... 233 
6.3.2. Addressing the requirements for SPS .................................................................................. 234 
6.3.3. Stability of OPTC silane under CuAAC and deprotection reaction conditions ..................... 235 
6.3.4. Stability of the degradable linkers during deprotection reaction conditions ...................... 241 
6.4. Summary ...................................................................................................................................... 243 
References ................................................................................................................................................ 244 
 
Chapter 7. Temperature Responsive, Acid Degradable, and Main-Chain Functional Polyacetal ... 247 
7.1. Introduction ................................................................................................................................. 247 
7.2. Experimental Section ................................................................................................................... 252 
7.3. Results and Discussion ................................................................................................................. 258 
7.3.1. Synthesis of main-chain functional polyacetal systems ...................................................... 258 
7.3.2. Remarkable LCST behavior of main-chain functional polyacetal systems .......................... 259 
7.3.3. Degradation studies ............................................................................................................ 263 
7.3.4. Click reactions of main-chain functional polyacetal ............................................................ 265 
7.3.5. The synthesis and reactions of α-azido,ω-vinyl ether heterobifunctional molecular linker 270 
7.4. Summary ...................................................................................................................................... 273 
References ................................................................................................................................................ 274 
iv 
 
List of Figures and Schemes 
Figure 1.1. A) Isomers of 1,4-poly(isoprene). B) Polymer Light Emitting Diodes. .............................. 1 
Figure 1.2. Primary, secondary, tertiary, and quaternary structures of polypeptide12 ...................... 2 
Scheme 1.1. Anionic polymerization of styrene using sec-butyllithium as initiator18 ........................ 3 
Scheme 1.2. General scheme of controlled radical polymerization19 ............................................... 4 
Scheme 1.3. General scheme for block copolymer synthesis via sequential CRP26 ........................... 5 
Scheme 1.4. General scheme for atom transfer radical polymerization ........................................... 5 
Figure 1.3. ATRP activation rate constants for various nitrogen-based ligands with 2-
bromoisobutyrate44 ......................................................................................................................... 8 
Figure 1.4.Synthesis of hierarchically structured macromolecules via ATRP .................................... 9 
Figure 1.5. Synthesis of azide-functional polystyrene ..................................................................... 10 
Figure 1.6. Post-polymerization modification of alkyl halide end-groups of polymers synthesized via 
ATRP19 ............................................................................................................................................ 10 
Figure 1.7. Synthesis of four-armed star polymer via ATRP ............................................................ 11 
Figure 1.8. ATRP synthesis of PMMA-b-PMA-b-PMMA triblock copolymer50 ................................. 12 
Figure 1.9. ATRP synthesis of PSt-b-PMMA a) without and b) with ligand exchange52 ................... 13 
Figure 1.10. Assembly of complex structures from building blocks: Tinkertoy building blocks (top); 
modular assembly of polymeric linear and branched heterofunctional building blocks (bottom) .. 15 
Figure 1.11.Cartoon illustrations of synthetic polymers of various architectures ........................... 17 
Figure 1.11B. Molecular toolkit building blocks for MAHP ............................................................. 18 
Figure 1.12. Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) ............................................ 19 
Figure 1.13. CuAAC mechanism proposed by Finn and coworkers82 .............................................. 20 
Figure 1.14. Branching molecule .................................................................................................... 22 
Figure 1.15. Different strategies for the protection/deprotection of alkynes ................................. 23 
Figure 1.16. A) Surface functionalization of solid substrate with alkyne surface assembling 
monolayer (S). B) Controlled functionalization of solid substrate using mixtures of silane ............. 25 
v 
 
Figure 2.1. Cartoon illustration of the size exclusion chromatography system, consisting of a 
solvent delivery system (solvent & pump), injector, column(s) and detector(s). ............................ 41 
Figure 2.2. Left: SEC chromatogram of polystyrene standards. Right: calibration curve of 
polystyrene (molecular weight vs. SEC elution time) fitted with a fourth-order degree polynomial 
R2=0.999836. ................................................................................................................................. 45 
Figure 2.3.a) Change in energy difference between the m=+1/2 spin state and m=-1/2 spin state. 
(b) Precession of a spin with angular frequency of ω0.8 ................................................................. 50 
Figure 2.4. NMR Probe employed with a single saddle coil9 ........................................................... 51 
Figure 2.5. Using Fourier transform to convert a 1H-NMR FID signal from a time-domain to a 
frequency domain.11 The area under each signal frequency is dependent on the relative 
abundance of that proton specie in the sample. ............................................................................ 52 
Figure 2.6. General 1H-NMR (top) and 13C-NMR (bottom) chemical shifts influenced by a single 
group12 ........................................................................................................................................... 53 
Figure 2.7. Symmetric (left) and asymmetric (right) stretching of CO2 ........................................... 57 
Figure 2.8 Schematic diagram of an FTIR interferometer ............................................................... 58 
Figure 2.9 FTIR interferograms obtained from a monochromatic (left) and polychromatic (right) 
source. ........................................................................................................................................... 59 
Figure 3.1. Radical-radical and Glaser coupling reactions during and after ATRP (Ln = N ligand, X = 
Cl or Br) .......................................................................................................................................... 65 
Figure 3.2. Mechanism of oxidative acetylenic Glaser Coupling proposed by Bohlmann et al25 (Ln = 
N ligand, X = Cl or Br) ..................................................................................................................... 66 
Figure 3.3. Mechanism of oxidative acetylenic Glaser Coupling proposed by Fomina et al26 ......... 66 
Figure 3.4. Schematic representation of CuAAC reaction between alkyne- and azide-terminating 
polymers and undesirable alkyne-alkyne Glaser coupling side reaction (Ln = N ligand) ................. 68 
Figure 3.5. Typical SEC trace of alkyne end-functional polymer synthesized from ATRP. ............... 76 
Figure 3.6.Best fit (simulated by self-convolution) normalized SEC signals of alkyne end-functional 
polymer (dotted line) and coupled polymer (dashed line) ............................................................. 77 
Figure 3.7. Superimposed SEC chromatograms of non-functional PS (Top Figure: Mn=2840 g•mol-1, 
PDI=1.11; Bottom Figure: Mn=10900 g•mol-1, PDI=1.06). Solid black line: taken immediately after 
vi 
 
completion of the ATRP. Open circle (plotted for every 30th data points): taken after 18 hours of 
exposure to air. .............................................................................................................................. 79 
Figure 3.8. (A) 1H-NMR (400MHz) spectra recorded in CDCl3 for pure PgBiB.  1H-NMR spectra of a 
24-hour incubation of PgBiB with (B) CuBr and PMDETA in THF and (C) CuBr2 and PMDETA in THF
....................................................................................................................................................... 80 
Figure 3.9. XPS spectra of Cu(I)Br/dNbpy (black line) and Cu(II)Br2/dNbpy thin films (red line) ...... 82 
Figure 3.10. XPS spectra of Cu(I)Br/dNbpy thin films before oxidation (black line) and after a 24-
hour exposure to air (green and blue lines) indicating the conversion of Cu(I) to Cu(II). XPS spectra 
were recorded after 1 (green), 50 (blue), and 10 (black) cycles. .................................................... 82 
Figure 3.11. Top Figure: SEC spectra for α-alkyne, ω-Br-PS (dotted line; Mn=2930 g•mol-1, 
PDI=1.09) and coupled products taken as a function of time after exposure to air at room 
temperature. Bottom Figure: SEC spectra for α-alkyne,ω-Br-PtBA (dotted line; Mn=11300 g•mol-1, 
PDI=1.19) and coupled products taken as a function of time after exposure to air at room 
temperature. ................................................................................................................................. 84 
Figure 3.12. Experimental SEC signal plotted for every 30th data point of α-alkyne, ω-Br-PS after 30 
minutes of Glaser Coupling (open circle). Simulated SEC signal (solid line), where the dashed line is 
the contribution from uncoupled alkyne polymer and the dotted line is the contribution from 
coupled product............................................................................................................................. 86 
Figure 3.13. Conversion of the Glaser coupling reaction for α-alkyne, ω-Br-PS (▲Mn=2,930 g·mol-1, 
PDI=1.09 and ■ Mn=3,180 g·mol-1, PDI=1.09) as a function of exposure time to air post-
polymerization. .............................................................................................................................. 87 
Figure 3.14. Top Figure: Full 1H-NMR (400MHz) spectra recorded in CDCl3 of deuterated α-
alkyne,ω-Br-PS (Mn=3090 g·mol-1, PDI=1.12) as a function of time after exposing the ATRP solution 
to air at room temperature. Bottom Figure: Magnified 1H-NMR (400MHz) spectra showing the 
disappearance of the acetylene peak at 2.45ppm. ......................................................................... 89 
Figure 3.15. Superimposed SEC chromatograms of α-alkyne, ω-Br-PS (Mn=3310 g•mol-1, PDI=1.08) 
measured immediately after ATRP (solid line) and after a 16-hour incubation exposed to air at -
28°C (open circle, plotted for every 30th data point). .................................................................... 91 
Figure 3.16. SEC chromatograms taken immediately after ATRP (solid line) and 16 hours after 
exposure to air followed by copper removal at -28°C (open circle, potted for every 30th data 
points) for α-alkyne,ω-Br-PS (top figure, Mn=10500 g•mol-1, PDI=1.09); and α-alkyne,ω-Br-PtBA 
(bottom figure, Mn=11300 g•mol-1, PDI=1.19). ............................................................................. 93 
vii 
 
Figure 3.17. Superimposed SEC signals of α-alkyne, ω-Br-PS (Mn=3710 g•mol-1, PDI=1.10) taken 
immediately after copper removal (solid line) and after a 16-hour incubation in copper-free 
solution (open circle, plotted for every 30th data point) at room temperature. ............................ 94 
Figure 3.18. 1H-NMR (400MHz) spectra recorded in CDCl3 for (A) pure PgBiB and (B) a 24-hour 
incubation of PgBiB with CuBr2, sodium L-ascorbate, and PMDETA in THF and H2O mixture. ........ 95 
Figure 3.19. Superimposed SEC chromatograms of α-alkyne,ω-Br-PS (Mn=4450 g•mol-1, PDI=1.10) 
measured immediately after ATRP (solid line) and after a 20-hour incubation open to air with 
Sn(EH)2 (open circle, plotted for every 30th data point). ................................................................. 97 
Figure 3.20. SEC signals during ARGET-ATRP of α-alkyne,ω-Br-PS. ................................................. 98 
Figure 3.21. Superimposed SEC chromatograms of α-alkyne,ω-Br-PS (Mn=3050 g•mol-1, PDI=1.22) 
measured immediately after ARGET ATRP (solid line) and after an 18-hour incubation exposed to 
air at room temperature (open circle, plotted for every 30th data point). ..................................... 99 
Figure 3.22. Structures of ATRP ligands used for Glaser coupling studies..................................... 101 
Figure 3.23. Coupling conversion of α-alkyne, ω-Br-PS (▲Mn=2,930 g•mol-1, PDI=1.09; ● 
Mn=2,680 g•mol-1, PDI=1.10; ∆ Mn=3,390 g•mol-1, PDI=1.11; ○ Mn = 3,300 g•mol-1, PDI=1.17) 
with different ATRP ligands as a function of time. ........................................................................ 101 
Figure 4.1. (A) Synthesis of alkyne end-functional polymer, (B) Synthesis of azide end-functional 
polymer, and (C) CuAAC coupling reaction................................................................................... 118 
Figure 4.2 Synthesis of alkyne-terminated polystyrene, PS-A-Br .................................................. 119 
Figure 4.3. Normalized SEC chromatogram of PS-A-Br ................................................................. 120 
Figure 4.4. 1H NMR (400MHz) spectra of PS-A-Br recorded in CDCl3 ............................................ 121 
Figure 4.5.Synthesis of azide end-functional polystyrene, PS-E-N3 ............................................... 121 
Figure 4.6. SEC chromatogram of PS-E-Br (dashed line) and PS-E-N3 (solid line) .......................... 122 
Figure 4.7. 1H NMR (400MHz) spectra recorded in CDCl3 of (A) PS-E-Br and (B) PS-E-N3. ............. 123 
Figure 4.8. Side reactions of macromonomers under CuAAC condition: (A) Glaser coupling of 
terminal alkynes and (B) radical-radical coupling of terminal bromide. ........................................ 125 
Figure 4.9. Experimental SEC signal of polystyrene during CuAAC (solid line). The normalized 
distribution is simulated to give contributed signals of PS-A-Br (dotted line), PS-E-N3 (dashed line), 
and coupled product (dashed-dotted line). Inset: Magnified SEC trace indicating a slight deviation 
from the simulated signal. ........................................................................................................... 126 
viii 
 
Figure 4.10. 1H NMR (400MHz) spectra of debrominated PS-A-H recorded in CDCl3 .................... 129 
Figure 4.11. Superimposed SEC trace of PS-A-Br before (black solid line) and after (red dotted line) 
incubation with copper catalyst and reducing agent in DMF. Inset: Magnified SEC trace indicates 
some polymer coupling ................................................................................................................ 130 
Figure 4.12. De-bromination of PS-A-Br to form PS-A-H ............................................................... 130 
Figure 4.13. Superimposed SEC trace of PS-A-H before (black solid line) and after (red dotted line) 
incubation with copper catalyst and reducing agent in DMF. Inset: Magnified SEC trace indicates 
no polymer coupling .................................................................................................................... 131 
Figure 4.14. Experimental (solid) and simulated (dashed) SEC signal of PS during CuAAC. Inset: 
Magnified SEC trace indicates good fit between experimental and simulated signals. ................. 132 
Figure 4.15. CuAAC reaction conversions between PS-A-Br and PS-E-N3 plotted as a function of 
time. Inset: Superimposed SEC chromatogram of polystyrene during the CuAAC reaction taken at 
different timed intervals. ............................................................................................................. 133 
Figure 4.16. SEC chromatogram of polystyrene after CuAAC reaction taken immediately after 
copper purification (solid line), 2 days after purification (dashed line), and 3 days after purification 
(dotted line). ................................................................................................................................ 134 
Figure 4.17. CuAAC reaction conversions as a function of PS-E-N3 mole fractions added initially. The 
fraction corresponding to the maximum conversion is skewed by α=0.024 due to the presence of 
non-functional polymer. .............................................................................................................. 136 
Figure 4.18. CuAAC efficiency plotted as a function of PS-E-N3 added, taking into account of non-
functional polymers. .................................................................................................................... 137 
Figure 4.19. 1H NMR (400MHz) spectra recorded in CDCl3 of diblock polystyrene after CuAAC and 
polymer purification. ................................................................................................................... 138 
Figure 4.20. CuAAC product (solid line) between PS-E-N3 (dotted line) and PS-A-Br (dashed line) at 
the equivalent reactant functionality ........................................................................................... 139 
Figure 5.1. (Top Figure) Schematic illustration of the growth of polymer brush: (A) linear (N=8, B=0, 
g=3) and (B) branching (N=8, B=2, g=3) polymers. The solid circles represent the sphere of volume 
occupied by a macromonomer. (Bottom Figure) The halt of dendrimer growth due to steric 
hindrance. .................................................................................................................................... 148 
Figure 5.2. 1H-NMR (400 MHz) spectra of (triisopropylsilyl)prop-2-yn-1-amine in CDCl3 .............. 153 
ix 
 
Figure 5.3. 1H-NMR (400 MHz) spectra of 2-bromo-2-methyl-N-(3-(triisopropylsilyl)prop-2-yn-1-
yl)propanamide recorded in CDCl3 ............................................................................................... 155 
Scheme 5.3B.1H-NMR spectra of 3-(trimethylsilyl)prop-2-yn-1-yl 2-bromo-2-methylpropanoate 
recorded in CDCl3 ......................................................................................................................... 156 
Figure 5.4. 1H-NMR (400 MHz) spectra of 5-azido-N1,N3-bis(3-(triisopropylsilyl)prop-2-yn-1-
yl)isophthalamide recorded in CDCl3 ............................................................................................ 159 
Scheme 5.1. Assembly of linear and branched heterofunctional building blocks via CuAAC and 
azide substitution reactions: Alkyne (  ), azide (  ), halide (  ), and triazole (  ). .................... 169 
Scheme 5.2. Assembly of linear and branched heterofunctional building blocks via CuAAC and 
deprotection strategy: Alkyne (  ), azide (  ), protecting group (  ), and triazole (  ). ............ 169 
Scheme 5.3. Synthesis of α-alkyne,ω-Br functional polymers....................................................... 171 
Figure 5.5. Normalized SEC chromatogram of α-alkyne,ω-Br polystyrene. Right curve: PS1-A-Br 
(Mn=2.87 kgmol-1; PDI=1.09); Left curve: PS4-A-Br (Mn=10.50 kgmol-1; PDI=1.09). .................... 172 
Figure 5.6. 1H-NMR (400 MHz) spectra of PS1-A-Br recorded in CDCl3 ......................................... 172 
Figure 5.7. Normalized SEC chromatogram of PnBA1-A-Br (Mn=3.30 kgmol-1; PDI=1.14) ............ 173 
Figure 5.8. 1H-NMR (400 MHz) spectra of PnBA1-A-Br recorded in CDCl3 .................................... 173 
Figure 5.9. 13C-NMR (500 MHz) spectra of PnBA1-A-Br recorded in CDCl3 ................................... 174 
Figure 5.10. Normalized SEC chromatogram of α-TMS-alkyne,ω-N3 polystyrene before (dotted line) 
and after (solid line) incubation in CuSO4·5H2O, PMDETA and Na·Asc. Superimposed SEC 
chromatograms show significant changes in the molecular weight distribution, indicating that the 
TMS protecting group of alkynes is unstable under CuAAC reaction conditions. .......................... 175 
Scheme 5.4. Synthesis of TIPS-protected alkyne functionalized ATRP initiator............................. 176 
Scheme 5.5. Synthesis of α-(TIPS-alkyne),ω-N3 polymers ............................................................. 176 
Figure 5.11. Normalized SEC chromatogram of PS2-TIPS·A-N3 (Mn=3.99 kgmol-1; PDI=1.12) ...... 178 
Figure 5.12. 1H-NMR (400 MHz) spectra of PS2-TIPS·A-Br recorded in CDCl3 ............................... 178 
Figure 5.13. 13C-NMR (500 MHz) spectra of PS2-TIPS·A-Br recorded in CDCl3 .............................. 179 
Figure 5.14. 1H-NMR (500 MHz) spectra of PS2-TIPS·A-N3 recorded in CDCl3 indicating an azide 
functionality of 92-93% ................................................................................................................ 179 
Figure 5.15. 13C-NMR (500 MHz) spectra of PS2-TIPS·A-N3 recorded in CDCl3 .............................. 180 
x 
 
Figure 5.16. Normalized SEC curve of PtBA1-TIPS·A-N3 (Mn=4.00 kgmol-1; PDI=1.19) ................. 181 
Figure 5.17. 1H-NMR (500 MHz) spectra of PtBA1-TIPS·A-Br recorded in CDCl3............................ 181 
Figure 5.18. 13C-NMR (500 MHz) spectra of PtBA1-TIPS·A-Br recorded in CDCl3 ........................... 182 
Figure 5.19. 1H-NMR (500 MHz) spectra of PtBA1-TIPS·A-N3 recorded in CDCl3 indicating an azide 
functionality of ~95% ................................................................................................................... 182 
Figure 5.20.  13C-NMR (500 MHz) spectra of PtBA1-TIPS·A-N3 recorded in CDCl3 ......................... 183 
Scheme 5.6. Synthesis of α-(TIPS-alkyne)2,ω-N3 heterotrifunctional branching molecule ............ 184 
Figure 5.21. 1H-NMR spectra of PS1-A-Br before (top) and after (bottom) incubation under click 
catalyst conditions ....................................................................................................................... 186 
Scheme 5.7. NaN3 substitution of PS1·PS3-Et-Br, PS1·[PS3]2-[Et]2-Br, and PtBA2·PnBA1-Et-Br 
followed by incubation with alkyne macromonomers and CuAAC catalysts resulted in no coupling 
reaction........................................................................................................................................ 187 
Figure 5.22. Normalized SEC chromatogram of PS2-TIPS·A-N3 before (dotted line) and after (solid 
line) incubation under CuAAC reaction conditions ....................................................................... 188 
Figure 5.23. Normalized SEC chromatogram of PS1·PS3-Et-Br after a 24-hour incubation in 0M, 
0.13M, and 1M TBAF ................................................................................................................... 189 
Figure 5.24. Normalized SEC chromatogram of PS1-[TIPS·A]2-Br (solid line) prepared from the 
CuAAC of PS1-[A]-Br (dashed line) and BB-[TIPS·A]2-N3 (dotted line). .......................................... 190 
Scheme 5.8. Assembly of polystyrene triblock branching polymacromer ..................................... 192 
Figure 5.25. 1H-NMR (400 MHz) spectra of PS1-[TIPS·A]2-Br recorded in CDCl3 ............................ 193 
Figure 5.26. Normalized SEC chromatogram of protected PS1-[TIPS·A]2-Br (dashed line) and 
deprotected PS1-[A]2-Br (solid line) ............................................................................................. 193 
Figure 5.27. 1H-NMR (400 MHz) spectra of PS1-[A]2-Br recorded in CDCl3 ................................... 194 
Figure 5.28. Normalized SEC chromatogram of PS1-[PS3]2-[Et]2-Br (solid line) prepared from the 
CuAAC of PS3-Et-N3 (dashed line) and PS1-[A]2-Br (dotted line). .................................................. 194 
Figure 5.29. 1H-NMR (400 MHz) spectra of α-Et,ω-Br-PS (PS3-Et-Br)recorded in CDCl3 ................ 196 
Figure 5.30. 1H-NMR (400 MHz) spectra of α-Et,ω-N3-PS (PS3-Et-N3) recorded in CDCl3 .............. 196 
Figure 5.31. 1H-NMR (400 MHz) spectra of PS1·[PS3]2-[Et]2-Br recorded in CDCl3 ........................ 197 
xi 
 
Figure 5.32. Experimental (open circle, plotted for every 30th data points) and simulated (solid 
line) SEC signal of PS1-[PS3]2-[Et]2-Br synthesized via CuAAC. ...................................................... 199 
Scheme 5.9. Modular Assembly of ABC penta-block branching polymacromers, 
PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br, via the combination of CuAAC and deprotection strategies . 200 
Figure 5.33. Normalized SEC chromatogram of PnBA1-[TIPS·A]2-Br (solid line) prepared from the 
CuAAC of PnBA1-[A]-Br (dashed line) and BB-[TIPS·A]2-N3 (dotted line). ...................................... 202 
Figure 5.34. 1H-NMR (500 MHz) spectra of PnBA1-[TIPS·A]2-Br recorded in CDCl3 ....................... 203 
Figure 5.35. 13C-NMR (500 MHz) spectra of PnBA1-[TIPS·A]2-Br recorded in CDCl3 ...................... 204 
Figure 5.36. Normalized SEC chromatogram of protected PnBA1-[TIPS·A]2-Br (dashed line) and 
deprotected PnBA1-[A]2-Br (solid line). ........................................................................................ 205 
Figure 5.37. 1H-NMR (500 MHz) spectra of deprotected PnBA1-[A]2-Br recorded in CDCl3 .......... 206 
Figure 5.38. 13C-NMR (500 MHz) spectra of deprotected PnBA1-[A]2-Br recorded in CDCl3 ......... 207 
Figure 5.39. Normalized SEC chromatogram of PnBA1·[PS2]2-[TIPS·A]2-Br (solid line) prepared from 
the CuAAC of PS2-TIPS·A-N3 (dashed line) and PnBA1-[A]2-Br (dotted line). ................................. 208 
Figure 5.40. Experimental (open circle, plotted for every 30th data points) and simulated (solid 
line) SEC signal of PnBA1·[PS2]2-[TIPS·A]2-Br synthesized via the CuAAC of PS2-TIPS·A-N3 and 
PnBA1-[A]2-Br. ............................................................................................................................. 208 
Figure 5.41. 1H-NMR (500 MHz) spectra of PnBA1·[PS2]2-[TIPS·A]2-Br recorded in CDCl3 ............. 211 
Figure 5.42. 13C-NMR (500 MHz) spectra of PnBA1·[PS2]2-[TIPS·A]2-Br recorded in CDCl3 ............ 212 
Figure 5.43. 1H-NMR (500 MHz) spectra of deprotected PnBA1·[PS2]2-[A]2-Br recorded in CDCl3 213 
Figure 5.44. 13C-NMR (500 MHz) spectra of deprotected PnBA1·[PS2]2-[A]2-Br recorded in CDCl3 214 
Figure 5.45. Normalized SEC chromatogram of PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br (solid line) 
prepared from the CuAAC of PnBA1·[PS2]2-[A]2-Br (dashed line) and PtBA1-TIPS·A-N3 (dotted line).
..................................................................................................................................................... 215 
Figure 5.46. 1H-NMR (500 MHz) spectra of PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br recorded in CDCl3216 
Figure 5.47. 13C-NMR (500 MHz) spectra of PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br recorded in CDCl3
..................................................................................................................................................... 217 
Figure 6.1. Solid Phase Peptide Synthesis4 ................................................................................... 223 
xii 
 
Figure 6.2. Solid phase modular assembly of hierarchically structured polymers: adding a linear 
building block (top); adding a branched building block (bottom). ................................................ 225 
Figure 6.3. TEM image of maghemite nanoparticles synthesized via the Massart Process ........... 229 
Figure 6.4. Structures of bromo end-functional trichlorosilane (top) and alkyne end-functional 
triethoxysilane (bottom) .............................................................................................................. 233 
Figure 6.5. Surfaced functionalization of solid substrate with (a) surface alkyne groups, and (b) 
mixtures of alkynes and non-functional alkanes SAMs. ................................................................ 234 
Figure 6.6. O-(propargyl)-N-(triethoxysilylpropyl)carbamate (OPTC) SAMs. ................................. 235 
Figure 6.7. TGA plot of bare iron oxide nanoparticles (black) and alkyne-functionalized iron oxide 
nanoparticles before (red) and after (blue) a 15-hour incubation in a solution of K2CO3 (50 molar 
equiv. to OPTC) in DMF. ............................................................................................................... 236 
Figure 6.8. Stability of Silane on different Inorganic Substrates22 ................................................. 238 
Figure 6.9. TGA plot of bare iron oxide nanoparticles (black) and alkyne functionalized iron oxide 
nanoparticles before (red) and after (blue) a 24-hour incubation in a solution of TBAF (0.0665M, 50 
molar equiv. to OPTC) in THF. ...................................................................................................... 239 
Figure 6.10. TGA plot of bare iron oxide nanoparticle (black) and alkyne functionalized iron oxide 
nanoparticles before (red) and after (blue) a 20-hour incubation in a solution of CuSO4·5H2O, 
PMDETA, and Na-Ascorbate in DMF. ........................................................................................... 239 
Figure 6.11. Heterobifunctional degradable building blocks (from top structure: acid-, photo-, and 
thermo- degradable) .................................................................................................................... 242 
Figure 7.1.A) A general synthesis scheme of vinyl ether and hydroxyl end-functional polyacetal. B) 
Acid degradation products. .......................................................................................................... 249 
Figure 7.2. UV transmittance of water soluble polyacetal (m2=2) vs. increasing or decreasing 
temperatures. .............................................................................................................................. 249 
Figure 7.3. LCST vs. average number of ethylene oxide units in diol monomer (n1=4, m1=0, n2=2).
..................................................................................................................................................... 249 
Figure 7.4. LCST vs. average number of methylene group in divinyl ether monomer (m2=0). ...... 250 
Figure 7.5. Number average molecular weights of polyacetal vs. duration of incubation in buffer 
with various pH ............................................................................................................................ 250 
xiii 
 
Figure 7.6. Polyacetal with click-functionality synthesized via step-growth polymerization of diol 
and divinyl ether monomers and click-functional capping groups. ............................................... 251 
Scheme 7.1. General schematic diagram for the synthesis of main chain functional polyacetal 
system where F = internal alkyne or alkene ................................................................................. 258 
Figure 7.7. UV transmission measurements of the CPT for 60% alkyne polyacetal (4OH3V). The CPT 
was determined to be at 37.5°C. The closed circle (dashed line) were obtained upon heating while 
the open circles (dotted line) were obtained upon cooling. ......................................................... 259 
Figure 7.8. UV transmission measurements of the LCST transitions for different mixtures of alkyne 
diols used in PA4OH3V. Starting from the left: % Alkyne diol = 100%, 80%, 60%, 40%, 20%, and 0%. 
The closed circles (dashed line) were obtained upon heating while the open circles (dotted line) 
were obtained upon cooling. ....................................................................................................... 261 
Figure 7.9. CPT of PA4OH3V alkyne polyacetal with different % tetraethylene glycol composition.
..................................................................................................................................................... 261 
Figure 7.10. UV transmission measurements of the LCST transitions of different mixtures of alkene 
diols used in PA4OH3V. Starting from the left: % Alkene diol = 100%, 80%, 60%, 40%, 20%, 0%. The 
closed circles (dashed line) were obtained upon heating while the open circles (dotted line) were 
obtained upon cooling. ................................................................................................................ 262 
Figure 7.11. CPT of PA4OH3V alkene polyacetal with different % tetraethylene glycol composition.
..................................................................................................................................................... 262 
Figure 7.12. pH dependent degradation of 60% alkyne polyacetal (4OH3V). The polymers were 
incubated in phosphate buffer solutions of pH 3 (pentagon), 5.5 (triangle), 6.5 (circle) and 7.4 
(square). ...................................................................................................................................... 264 
Figure 7.13. pH dependent degradation of 80% alkene polyacetal (4OH3V). The polymers were 
incubated in phosphate buffer solutions of pH 3 (pentagon), 5.5 (triangle), 6.5 (circle) and 7.4 
(square). ...................................................................................................................................... 264 
Figure 7.14. RuAAC click reaction between internal alkyne polyacetal and benzyl azide (top) and 
thiol-ene click reaction between internal alkene polyacetal and benzyl mercaptan (bottom). .... 265 
Figure 7.15. 1H-NMR of 60% alkyne polyacetal (4OH3V) before (top) and after (bottom) RuAAC 
with benzyl azide, recorded in CDCl3 ............................................................................................ 266 
Figure 7.16. RID (left) and UV (right) SEC chromatograms of 60% alkyne polyacetal (4OH3V) before 
(black line) and after (red line) RuAAC with benzyl azide. ............................................................ 267 
xiv 
 
Figure 7.17. RID (left) and UV (right) SEC chromatograms of 80% alkene polyacetal (4OH3V) before 
(black line) and after (red line) thiol-ene click reaction with benzyl mercaptan. .......................... 268 
Figure 7.18. 1H-NMR of 80% alkene polyacetal (4OH3V) before (top) and after (bottom) thiol-ene 
click reaction with benzyl mercaptan, recorded in CDCl3 ............................................................. 269 
Figure 7.19. Synthesis of α-azido,ω-vinyl ether heterobifunctional molecular linker. .................. 270 
Figure 7.20. Synthesis and degradation of polyacetal-grafted molecular linkers. ......................... 271 
Figure 7.21. Synthesis of (2-(1-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)benzene. ........................ 271 
Figure 7.22. 1H-NMR of (2-Azidoethoxy)ethyl vinyl ether molecular linker (top) and (2-(1-(2-(2-





List of Tables 
Table 2.1: Mark-Houwink-Sakurada constants of common polymers in THF at 30˚C ..................... 46 
Table 2.2. Degree of freedom of polyatomic molecules with N atoms ........................................... 56 
Table 3.1. Experimental Conditions for the ATRP of styrene .......................................................... 71 
Table 3.2. Experimental Conditions for the ATRP of tert-butyl acrylate ......................................... 71 
Table 3.3. Experimental Conditions for the ATRP of styrene and for the studies of ATRP ligands on 
Glaser Coupling .............................................................................................................................. 71 
Table 3.4. Comparison of coupling conversions between 1H-NMR and SEC studies ....................... 90 
Table 4.1. Number average molecular weights, polydispersity index (PDI), and end-functionalities 
of polymers .................................................................................................................................. 119 
Table 4.2. End-Functionality and CuAAC Efficiency ...................................................................... 139 
Table 5.1. Experimental conditions for the synthesis of unprotected α-alkyne,ω-bromo-polymer
..................................................................................................................................................... 163 
Table 5.2. Experimental conditions for the synthesis of α-TIPS-alkyne,ω-bromo-polymer and α-
ethyl,ω-bromo-polymer ............................................................................................................... 163 
Table 5.3. Experimental conditions for CuAAC reactions .............................................................. 166 
Table 5.4. Number average molecular weights, PDI, and end-functionalities of building blocks 
employed for MAHP..................................................................................................................... 185 
Table 5.5. Mass and molar fraction of polymers from the CuAAC of PS3-Et-N3 and PS1-[A]2-Br 
determined via convolution modelling of SEC chromatograms .................................................... 199 
Table 5.6. Mass Fraction and molar fraction of polymers from the CuAAC of PS3-Et-N3 and PS1-
[A]2-Br determined via mathematic convolution modelling of the SEC chromatogram ................ 210 
Table 6.1. Stability of different degradable linkers under deprotection reaction conditions ........ 242 






This dissertation would not have been possible without the advice and support of many 
people. Foremost is my doctoral advisor Dr. Jeffrey Koberstein, whose hands-off guidance enabled 
me to foster more independent thinking and individual creativity. His encouragement to delve 
deeper into the understanding behind the fundamentals of scientific knowledge motivated me to 
strive for a higher level of quality and profundity in my work. 
Throughout the course of my research, I received invaluable advice from my group 
members. I am grateful to Chathuranga De Silva, for our successful and long-standing 
collaboration; Dr. Sanjoy Samanta, for teaching me organic synthesis and polymer chemistry; Thu 
Vi, for her assistance with materials characterization and nanoparticle synthesis; and the other 
members in Dr. Koberstein’s lab, Rebecca Balaj, Djordje Vuckovic, and Shichao Jiao. I would 
also like to thank Dr. Kurt Kremer and Dr. Debashish Mukherji with whom I have collaborated in 
the modeling of the LCST behavior of polyacetal.  
The sympathetic understanding of my friends provided much-appreciated encouragement 
for my endeavors. Thi Vo, Mayank Misra, Weiming Wang, and Maxim Stonor never failed to give 
helpful suggestions and input that proved instrumental to my research, while Jon Cheng, Long Pan, 
and Michael Chu provided emotional support through the ups and downs of my research. 
I would also like to give special thanks to Stephany Tsao who has stood by my side through 
the difficulties of graduate school, and who encouraged me to push on ahead when all I 
encountered were disappointments and impasses. It is thanks to her patient efforts as my superb 
editor that this work was fine-tuned to its present form.  
Most importantly, I would like to thank my parents and sisters for their never-ending 





















Chapter 1. Introduction 
 
1.1. Motivation 
Polymers play significant roles in our everyday lives, from the robust polyurethane used 
for abrasion-resistant coatings1 to the Polymer Light Emitting Diodes for LED monitors2; from the 
strong, transparent polycarbonate for the lens of eye glasses to the temperature-responsive, acid-
degradable polyacetal for drug delivery.3 As all polymer scientists know, the highly diverse nature 
of polymeric materials lies within the chemical and structural features of the polymer. A high 
surface tension polymer, for instance, can be altered into a water-resistant coating by changing a 
small end group (i.e. from a hydroxyl to a lower surface tension fluorocarbon).4–9 A cis-1,4-
addition and a trans-1,4-addition synthesis of poly(isoprene) can be the distinction between 
“heavea rubber,” a liquid precursor to natural rubber, and “gutta percha,” a rigid and resilient solid 
useful for electrical cable coating as well as root canal obturation in dentistry.10,11 Therefore, one 
of the overarching goals of synthetic polymer chemistry is precise control over the chemical and 
architectural framework of a polymer. 
 






While synthetic polymer chemistry has developed extensively in the past century, the 
ability to precisely control the architectural framework of a polymer is still lacking. Nature’s 
machinery of life, i.e. proteins (polypeptides) and DNA (polynucleotides), provides exemplary 
illustrations of hierarchically structured macromolecules with remarkable functions closely tied to 
the specifics of their sequencing and overall supramolecular structure. In contrast, synthetic 
polymers generally fall well short of the complexity and functionality achieved in natural systems 
due primarily to the lack of synthetic schemes and toolkits to prepare complex, yet well-defined 
polymers. These obstacles have prevented (1) the ability to create polymers with diverse structural 
architectures (e.g. controlled branching); (2) the ability to prepare well-defined polymers with low 
polydispersity index (PDI); (3) the ability to modularly control the sequence of monomers or block 
copolymers; (4) the ability to control the functionality of end groups or main chains; and (5) the 
ability to synthesize a pure polymer specie, whether structure-wise or functionality-wise. To 
address these problems, there have been recent efforts to develop new synthetic schemes and 
techniques to prepare well-defined hierarchically structured polymers. 
 





1.2.  Current Solution  
 
1.2.1. Controlled Radical Polymerization 
The preparation of well-defined functional polymers with complex architectures has been 
a long-standing goal in polymer chemistry. In the past few decades, there has been a rapid growth 
in the development of controlled/living polymerization techniques, which conceptually proceed in 
the absence of chain-breaking reactions (both bimolecular termination and chain transfer reactions), 
allowing for the synthesis of polymers with low polydispersity index (PDI).13 Among living 
polymerization reactions, anionic polymerization typically produces the lowest PDIs.14–16 
However, anionic polymerization is generally very difficult to perform and requires rigorous 
experimental conditions that severely limit the range of possible monomers and functional groups 
compatible for polymerization. In the case of styrene,16,17 for example, the polymerization is 
typically performed using sodium naphthalene or sec-butyl-lithium as the initiator, both of which 
are highly reactive to moisture, oxygen, and impurities. The presence of any impurities will 
terminate the reaction and severely increase the resultant polymer polydispersity.  
 






Scheme 1.2. General scheme of controlled radical polymerization19 
 
Developed in the late 1990s, controlled/living radical polymerization (CRP) methods offer 
ideal alternative routes to anionic polymerization since the radical process is more tolerant of 
functional groups and impurities. The most widely used CRP methods are Atom Transfer Radical 
Polymerization (ATRP),19,20 Reversible Addition Fragmentation Chain Transfer (RAFT),21 
Nitroxide Mediated Radical Polymerization (NMP),22 Ring Opening Metathesis Polymerization 
(ROMP),23 and Stable Free Radical Polymerization (SFRP).24,25 The reaction mechanisms for 
these techniques differ in the identity of the deactivator specie and the method of radical generation. 
The general scheme for CRP is shown in Scheme 1.2 and is achieved by the introduction of a 
deactivator specie (X˙) which reacts with the propagating chain (Pn˙) to create a reversible dormant 
state (Pn-X).19 This rapid dynamic equilibrium is shifted strongly to the left to generate minute 
amounts of active growing radicals and a large majority of dormant specie. The reduction in the 
number of active radicals diminishes the occurrence of biomolecular termination (to less than a 
few percent of total number of chains) and prolongs the lifetime of living polymers to hours or 
even days. Moreover, due to the absence of chain-breaking reactions, the resultant polymer is 
telechelic (“living” polymer) and can be readily employed as a macroinitiator for the preparation 
of block or star-block copolymers via sequential addition of different monomers, as shown in 

















Scheme 1.3. General scheme for block copolymer synthesis via sequential CRP26 
 
1.2.2. Atom Transfer Radical Polymerization (ATRP) 
 
Scheme 1.4. General scheme for Atom Transfer Radical Polymerization 
 
Atom Transfer Radical Polymerization (ATRP) is one of the fastest advancing technique 
in polymer chemistry.19 Unlike traditional free radical polymerization methods, ATRP allows 
exceptional control over the molecular weights and functionalities of the polymer, which is 
essential for the synthesis of macromonomers. As shown in Scheme 1.4, radical generation in 
ATRP involves a reversible hemolytic abstraction of the halogen group (i.e. X = Br or Cl) from a 
dormant specie (R-X) by a transition metal complex (CuX/Ln, where Ln is an amine-based ligand) 
to generate active radicals (R•). In this case, the dormant specie may be a halide functional initiator 
or a halide terminating polymer chain. During the propagation step, the active radical specie (R•) 
initiates polymerization, adding monomer units to the polymer chain in a manner similar to 
traditional radical polymerization. Propagation is temporarily quenched when the active polymer 
chains reversibly extract the halogen atoms back from the transition metal complex, rendering the 
polymer chain dormant. ka and kd are rate constants for activation and deactivation with K=ka/kd, 















amounts of growing free radicals and large amounts of dormant specie allows for excellent control 
over polymerization and results in an almost uniform polymer growth. Termination by both radical 
coupling and disproportionation also occurs in ATRP with rate constant of kt. However, since the 
equilibrium lies far to the left, contribution from bimolecular termination is no more than a few 
percent of total chains, resulting in polymers with low PDI. 
  
ATRP kinetics and theoretical PDI 
The nature of ATRP has been studied in great detail.19,20,27–41 Similar to traditional free 
radical polymerization, the success of ATRP depends on several factors such as temperature, 
reaction time, and concentrations and species of monomers, initiators, catalysts, solvents, and 
additives. The major difference between ATRP and conventional free radical polymerization is the 
presence of an equilibrium between active radicals and dormant specie. Several features such as 
the effects of inhibitors, retarders, solvents, chain transfer agents, regioselectivity,  
stereoselectivity, and copolymerization behaviors are the same for ATRP as for conventional 
radical polymerization reactions.26 
Starting with the equilibrium rate expression for ATRP in Scheme 1.4 and assuming equal 





 (Equation 1.1) 
 
where [I] is the initial concentration of the initiator and [Cu2+] and [Cu+] are the concentrations 





Next, assuming that the contribution from chain breaking reactions (i.e. bimolecular 
termination and chain transfer reactions) is negligible and using a fast equilibrium approximation, 
the rate of polymerization for a batch reaction can be derived by applying Equation 1.1 to the rate 





  (Equation 1.2) 
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− 1) (Equation 1.5) 
 
As shown by Equation 1.3, the rate of chain propagation for a batch reaction is directly 
proportional to the equilibrium rate constant, K=ka/kd, which in turn is dependent on the 
catalyst/ligand complex. Successful ATRP generally requires the concentration of dormant specie 
to exceed that of active radical by a factor of ~106. The equilibrium rate constant can be tuned by 
selecting the appropriate choice of ligand used during ATRP. Matyjaszewski and coworkers43 
show that both ligand denticity and the nature of nitrogen atoms of ligands (i.e. pyradine vs. 
aliphatic amine) play significant roles in the activity of the copper/ligand complex by directly 






Figure 1.3. ATRP activation rate constants for various nitrogen-based ligands with 2-
bromoisobutyrate44 
  
As suggested by Equation 1.5, the PDI should decrease with higher conversion, lower 
initiator concentration, lower rate constant of polymerization (i.e. using lower temperature), and 
larger rate constant of deactivation (kd) compared to kp.20 Fast and quantitative initiation is also 
required to achieve low PDI to allow the chains to propagate at the same time.45,46 However, if the 
initiator is much more active than the monomer, this may result in undesirable radical-radical 
termination of the halide initiator.19 The reactivity of the organic halides is as follows: 
iodide>bromide>chloride>fluoride. Widely used initiators include (1) an alkyl halide with an 
activating substituent on the α-carbon such as benzyl halide, α-haloesters, α-haloketone, α-
halonitriles, or α-haloamides, (2) polyhalogenated molecules such as CCl4 and CHCl3, and (3) 





1.2.3. Applications of ATRP for the preparation of hierarchically structured 
macromolecules 
One characteristic of ATRP is the preservation of alkyl halide end groups throughout the 
polymerization. The polymerization can be stopped at any desired molecular weight and the 
resultant telechelic polymer can undergo modification or polymerization by different monomers 
to form block copolymers, dendrimers, or miktoarm star polymers as shown in Figure 1.4. In 
particular, as shown in Figure 1.5, the terminal alkyl halides can be displaced by SN2 substitution 
with click functional groups (i.e. using sodium azide),47,48 allowing for subsequent conjugation 
with alkyne functional molecules/macromolecules. The azide termini can also undergo further 
modification to form amine groups for protein-polymer bioconjugation. Various possible end-
group modification schemes are shown in Figure 1.6. 
 
 


















Figure 1.6. Post-polymerization modification of alkyl halide end-groups of polymers synthesized 
via ATRP19 
 
The polymer’s end-functionality can also be provided by using functional initiators. Click-
functional molecules with secondary and tertiary alkyl halides, such as propargyl 2-
bromoisobutyrate and 2-Azidoethyl 2-bromoisobutyrate, have been used to synthesize click-
functional polymers allowing for subsequent click end-linking reactions. Moreover, acid chlorides 
with tertiary alkyl halides, such as α-bromoisobutyryl bromide, have been used to conjugate the 


















synthesis of polymer brushes or star polymers. For example, a tetrafunctional initiator, 
pentaerythritol tetrakis(2-bromoisobutyrate), can be synthesized by reacting α-bromoisobutyryl 
bromide with pentaerythritol and then used for the ATRP synthesis of four-armed star polymer, as 
shown in Figure 1.7.49 
 
 










































Figure 1.8. ATRP synthesis of PMMA-b-PMA-b-PMMA triblock copolymer50 
 
 
A major limitation of ATRP is how PDI increases as the complexity of the architecture of 
the polymer increases (e.g. when going from a homopolymer to a diblock, triblock, and tetrablock 
copolymers) due to the inefficiencies of the step-by-step processes of controlled radical 
polymerization. Often when the first polymer chain, a homopolymer (solid line in Figure 1.8), is 
synthesized via ATRP, the number of living polymer chains is maximized with only a few dead 
polymers (typically less than 10%). However, when the homopolymer from the first ATRP 
reaction is used as macroinitiator for further polymerization to form block or graft copolymers, the 
number of dead polymer chains gradually increases with subsequent monomer addition. After 
multiple polymerization steps, the product will be a mixture of homopolymers, diblock, and 
triblock copolymers, resulting in high polydispersity. Moreover, in several cases, PDI will increase 
due to the mismatch in reactivities when crossing over from macroinitiators with lower reactivity 





low cross-propagation initiation efficiency as demonstrated in Figure 1.8 (dashed line), showing 
the molecular weight distribution of PMMA-b-PMA-b-PMMA triblock copolymer synthesized via 
ATRP with presence of a large quantity of unreacted macroinitiator. Other examples of low 
propagation-initiation efficiencies include crossing-over from poly(butyl acrylate) to methyl 
methacrylate monomers,51,52 polystyrene to butyl acrylate or methyl methacrylates,52 poly(methyl 
acrylate) to methyl-methacrylates,50 poly(ε-caprolactone) to acrylonitriles,53 or polyisobutene to 




Figure 1.9. ATRP synthesis of PSt-b-PMMA a) without and b) with ligand exchange52 
 
 
The low cross-propagation initiation efficiency caused by the mismatch in reactivates of 
the monomers can be lessened by using a ligand exchanged process where CuCl is used instead of 
CuBr to catalyze an alkyl bromide macroinitiator. Converting alkyl bromide macroinitiators to 
alkyl chloride during polymerization will lower the propagation rate by 1-2 orders of magnitude, 
ultimately leading to a more effective initiation efficiency.52 However, as shown in Figure 1.9b, 
using the ligand exchange reaction can alleviate the PDI problem but may not completely solve it. 





exchange process still rises significantly from 1.09 to 1.30. Moreover, the ligand exchange process 
can only be used once by adding copper chloride catalyst to bromide macroinitiator, since the 
polymer is now terminated with an alkyl chloride. Attempts to polymerize chloride end-functional 
diblocks macroinitiator with reactive monomers resulted in a more severe crossing-over problem. 
The ability to synthesize well-defined (low PDI) hierarchically structured polymer is highly 
desirable in developing novel unique materials; however, the current lack of control over the 











Figure 1.10. Assembly of complex structures from building blocks: Tinkertoy building blocks 
(top); modular assembly of polymeric linear and branched heterofunctional building blocks 
(bottom) 
 
The purpose of this investigation is to introduce and demonstrate a new paradigm for 
modular polymer synthesis that allows almost any complex hierarchically structured polymer to 
be assembled from a few basic molecular building blocks, using a single common coupling 
chemistry. Conceptually, the modular assembly of hierarchically-structured polymers (MAHP) is 
similar to constructing an intricate object from a set of toy building blocks, as illustrated in Figure 





building blocks joined together by a single type of mechanical linkage. Likewise, complex 
polymeric structures (bottom figure) can be assembled from a molecular toolkit containing only 
linear and branched building blocks. The structures of these building blocks mimic those found in 
natural polymers, such as polypeptides and polynucleotides; they are heterobifunctional in nature 
so as to break symmetry and allow for the fabrication of specific sequences by sequential addition 
of building blocks (i.e. amino acid or nucleotide). The molecular toolkit is based upon a 
combination of chemistries that have proven revolutionary in their impact: the azide-alkyne “click” 
chemistries55 introduced by Sharpless and coworkers for organic synthesis, and in particular, drug 
discovery; atom transfer radical polymerization (ATRP) to prepare heterobifunctional 
macromonomers (building blocks); and the solid phase Merrifield reaction,56 used to synthesize 
oligopeptides ex vivo. A distinct advantage of MAHP is that the complexity of the process lies in 
the synthesis of the monomers and macromonomers that can be readily characterized, rather than 
their assembly into elaborate polymers that cannot be readily characterized.  
Examples of possible polymeric architectures synthesized via MAHP are shown in Figure 
1.11. These structures, however, are by no means all of the macromolecular polymer structures 
imaginable, especially considering the highly versatile nature of the coupling reaction that allows 







Figure 1.11.Cartoon illustrations of synthetic polymers of various architectures 
Linear Homopolymer Diblock Copolymer ABC Triblock Copolymer 









1.3.1. Requirements for MAHP 
Several requirements for MAHP must be satisfied: 
 
I. The coupling chemistry must be highly orthogonal so that it can be applied to assemble 
building blocks of any chemical structure, whether synthetic or natural.  
II. Linear heterobifunctional and branched heterotrifunctional building blocks must be 
available. 
III. The functionality of the building blocks must be maximized and completely preserved 
throughout the synthesis and post-polymerization modification. Any side reactions of 
the functional groups will create defects that will affect the polymeric architecture and 
ultimately increase the PDI. 
IV. One of the functional groups must be amenable to a protection and deprotection 
strategy. Otherwise, two orthogonal coupling chemistries must be used.  
V. An appropriate functional substrate must be available and a method must exist to cleave 
the polymacromer from the substrate. 
 
In this investigation, a toolkit of molecular 
building blocks (Figure 1.11B) was developed 
that satisfied all of the requirements for MAHP 
and was applied to prepare a number of complex 
yet well-defined polymers, many of which cannot 
be prepared by any other current methodology.  
  Figure 1.11B. Molecular toolkit building 





1.3.2. Molecular Toolkit: Background and Significance 
I. Copper-Catalyzed Azide Alkyne Cycloaddition (CuAAC) 
In 2001, Sharpless and coworkers published a groundbreaking review article describing a 
set of chemical reactions, known as “click” chemistry, to meet the modern-day demand for organic 
synthesis and in particular for drug discovery.55 “Click” reactions are generally described as 
“modular, wide in scope, high yielding, create only inoffensive by-products, are stereospecific, 
simple to perform and that require benign or easily removed solvent.” These “click” reactions have 
become vital and versatile conjugation tools for molecular transformations in a broad variety of 
applications including organic synthesis,57–59 bioconjugation,60–63 polymer chemistry,41,64–68 
carbohydrate chemistry,69,70 sensor and detectors,71–73 and materials and surface modifications.74–
79 
Of all the reactions that were designated with “click” status, the Hüisgen 1,3-Dipolar 
cycloadditions of azide and alkyne80 is considered by many to be the gold standard. Its popularity 
can be attributed in part to the narrow distributions of reactivity of azides and alkynes as well as 
to the ease of introducing the functional groups onto molecules/macromolecules by both 
nucleophilic and electrophilic processes. This highly exergonic process (∆G=-61 kcal mol-1) can 
be catalyzed by copper(I)81, significantly lowering the activation energy and allowing the reaction 











Figure 1.13. CuAAC mechanism proposed by Finn and coworkers82 
 
The overall chemical reaction of CuAAC is shown in Figure 1.12. Despite the apparent 
simplicity of the reaction, its widely-accepted mechanism proposed by Finn and coworkers82,83 
involves a catalytic cycle with copper(I) acetylide catalysts and a copper(I) triazolide intermediate, 
as shown in Figure 1.13. Here, a phenyl acetylene group is used for simplicity. The first step 
involves the exothermic formation of copper(I) acetylene through a π-alkyne copper complex 
intermediate, which results in acidification of the acetylene proton. The azide is activated by weak 
coordination to the copper complex. Intermolecular cycloaddition then yields a copper(I) triazolide 
complex which, after protonation, results in the formation of a stable triazole that regenerates the 
Cu(I) catalyst. The recent isolation of the copper(I)triazolide intermediate84 and density functional 
theory (DFT) analysis85 helped support this CuAAC mechanistic proposal and revealed that the 
formation of dinuclear copper(I) intermediate is the rate-determining step. Solvents that stabilize 





apolar organic solvents.86 Moreover, since the first reaction step involves the deprotonation of the 
acetylene, only terminal alkynes may undergo CuAAC. However, internal alkynes may undergo 
cycloaddition with azides via thermal Hüisgen cycloaddition reaction80 or ruthenium-catalyzed 
azide-alkyne cycloaddition, as discussed in Chapter 7.87,88  
The mild reaction conditions, orthogonality, functional group tolerance, and quantitative 
yield of CuAAC render it an excellent candidate for the conjugation of “building blocks” for 
MAHP. To employ CuAAC for MAHP, all the general requirements outlined earlier must be met. 
Chapter 3 of this dissertation investigates the orthogonality of the coupling reaction on the basis 
of the side reactions that are present during CuAAC, and provide different strategies to effectively 
eliminate them. Chapter 4 investigates the efficiency of CuAAC between click-functional 






II. Linear heterobifunctional and branched heterotrifunctional building blocks 
An important requirement for MAHP is the availability of heterobifunctional monomeric 
and macromonomeric building blocks that are terminated with orthogonal click functionalities. 
Due to the ease of introducing “click” functional groups onto molecules/macromolecules by both 
nucleophilic and electrophilic processes, several “click” functional molecules (e.g. crosslinkers, 
fluorescence probes, or nucleotides) are commercially available. Heterobifunctional 
macromonomers can also be readily prepared by ATRP using an alkyne-functional initiator, 
followed by the conversion of the terminal bromide group to an azide by the addition of sodium 
azide (Figure 1.5). Chapter 3 of this dissertation investigates methods to maximize the click end-
functionalities of the building blocks synthesized via ATRP, while Chapter 4 presents a strategy 
to quantify the functionality. 
 
Figure 1.14. Branching molecule 
 
As shown in Figure 1.10, controlled branching is also essential for MAHP to be able to 
construct polymers with complex architectures. Controlled branching is readily incorporated onto 
the polymer structures by the use of a heterotrifunctional monomer (one azide group; two TIPS-
alkyne groups), as shown in Figure 1.14. Reaction of the molecule with a terminal alkyne creates 
branching points and doubles the number of functional groups. Chapter 5 of this dissertation 
discusses the employment of both linear and branching building blocks for MAHP in order to 













III. Protection/Deprotection Strategy 
To avoid unintentional self-polymerization or homocoupling of molecular building blocks 
during synthesis or CuAAC reactions, terminal alkynes of macromonomers can be temporarily 
protected with a trialkylsilyl group to form trialkylsilylacetylenes. Trimethylsilyl (TMS), triethyl 
silyl (TES), or triisopropylsilyl (TIPS) is commonly used for protection and can be completely 
deprotected89 by the addition of potassium carbonate90, Ag(I) salts91 or tetra-n-butylammonium 
fluoride (TBAF)92 respectively, as shown in Figure 1.15.  
 
Figure 1.15. Different strategies for the protection/deprotection of alkynes 
 
Generally, the relative stability of the trialkylsilyl protecting groups increases with their 
bulkiness such that TMS<TES<<TIPS. We had previously found the TMS protection/deprotection 
strategy to be effective for thermal click, and in some instances for CuAAC.93 However, several 
reports have shown that the TMS group is too sensitive for CuAAC.94 On the other hand, the TES 





and require more reactive reagents for removal during the deprotection step, which can lead to 
cleavage of certain fragile functional groups. Chapter 5 of this dissertation will address these issues 






IV. “Click” functional solid substrate 
Solid phase synthesis (SPS) is a method by which a functionalized solid surface is used for 
the growth of macromolecules via step-by-step addition of heterobifunctional building blocks. The 
structural architecture of the polymer is controlled by the order of addition (and subsequent 
deprotection) of building blocks. The advantage of SPS is that the purification of the product can 
be achieved in one step because the desired macromolecule is covalently bounded to the solid 
surface, allowing for the use of excess reactants to push the coupling efficiency to 100%. In the  
field of synthetic biology, SPS has been widely used to prepare biopolymers such as 
polynucleotides95 and polypeptides.96,97 In particular, Merrifield’s “Solid Phase Peptide 
Synthesis”96,97  proved powerful for protein synthesis ex vivo and earned him the 1984 Nobel Prize 





Figure 1.16. A) Surface functionalization of solid substrate with alkyne surface assembling 






Solid substrates can also be employed for MAHP to provide a site for the growth of the 
polymer chains. A variety of different substrates including nanoparticles and planar substrates can 
be functionalized with azide or alkyne functionalities using self-assembled monolayers, as shown 
in Figure 1.16A. More recently, Koberstein and coworkers74,75,79,98 were able to control the surface 
areal density of azide and alkyne functional groups on germanium, silica, and magnetic iron oxide 
substrates using a kinetic approach and a mixed silane approach respectively, as illustrated in 
Figure 1.16B. The use of solid substrates for MAHP to prepare well-defined hierarchically 






V. Responsive and Functional Macromonomers 
A new family of dual responsive polymers consisting of temperature-responsive and acid-
degradable polyacetals has been recently developed by Sanjoy and Koberstein.99 These novel 
water-soluble polyacetal polymers respond not only to pH, degrading under acidic conditions, but 
also to temperature. The polymers exhibit an exquisite lower critical solution temperature (LCST) 
behavior that can be precisely tuned within a range of 7-84°C by adjusting the 
hydrophobic/hydrophilic balance in the repeat units. Chapter 7 describes the further development 
of polyacetals into molecular building blocks for MAHP by introducing “click” functionalities 
onto the backbones of these polymers. Click reactions can then be performed to attach small 
molecules (i.e. therapeutic agent) to these “click” functional sites. Polyacetal building blocks can 
also be end-functionalized with alkyne or azide moieties and readily end-coupled with other 








1.4.  Summary of Introduction 
The preparation of well-defined functional polymers with complex architectures has been 
a long-standing goal in polymer chemistry. Although there exist several polymerization techniques 
to synthesize hierarchically structured polymers (i.e. controlled radical polymerization techniques), 
the ability to do so in a well-defined and controllable fashion is still a major challenge. This 
dissertation introduces a new paradigm for modular polymer synthesis that allows almost any 
complex hierarchically structured polymer to be assembled from a few basic molecular building 
blocks using a single common coupling chemistry. Similar to constructing a Tinkertoy from a 
handful of building blocks, the modular assembly of hierarchically-structured polymers (MAHP) 
method employs molecular toolkits consisting of linear heterobifunctional or branched 
heterotrifunctional building blocks, a coupling chemistry, a protection/deprotection strategy, and 
a solid substrate to prepare complex yet precisely controlled supramolecular structures that, at 
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Chapter 2. Experimental Techniques 
 
To study the molecular weights, structures, and functionalities of building blocks as well 
as the assembly of these building blocks into hierarchically structured polymers, various analytical 
techniques were employed: size exclusion chromatography (SEC), nuclear magnetic resonance 
spectroscopy (NMR), Fourier transfer infrared spectroscopy (FTIR), X-ray photoelectron 
spectroscopy (XPS), and thermogravimetric analysis (TGA). This chapter gives a brief 
introduction to these techniques. 
 
2.1. Size exclusion chromatography (SEC) 
Size exclusion chromatography (SEC), or referred to as gel permeation chromatography 
(GPC), is a powerful liquid column chromatography technique developed in the early 1960s that 
separates molecules according to their size in solution (i.e. hydrodynamic radius). The stationary 
phase is packed with rigid, microporous beads of crosslinked polystyrene/divinylbenzene that have 
been synthesized with a known pore-size distribution in the order of the hydrodynamic volumes 
of the polymer molecules. Molecule separation by size occurs via repeated exchange of the 
analytes between the bulk solvents of the mobile phase and the stagnant liquid phase within the 
pores. The lower molecular weight polymers, with smaller hydrodynamic radius, can penetrate 
through more pores in the column than those with higher molecular weights, making the elution 
volume through the column a function of molecular size.  Thus, larger molecules move through 






Figure 2.1. Cartoon illustration of the size exclusion chromatography system, consisting of a 
solvent delivery system (solvent & pump), injector, column(s) and detector(s). 
 
As shown in Figure 2.1, a typical SEC system consists of four major components: a pump, 
an injector, chromatography column(s), and detector(s). The pump pushes the filtered and 
degassed solvent (mobile phase) from the solvent reservoir and delivers it at the desired flow rate 
to the rest of the SEC system. For polymer analysis, high pump pressures are typically used on 
columns to allow for better resolution and product separation. The polymeric solution sample is 
introduced into the flowing solvent stream via the injector with the aim of minimizing the 
disturbance of the mobile phase. The analytes are then separated based on their hydrodynamic 
volume inside the column, with the largest polymer molecules emerging first and the smallest 
emerging at the end of the chromatogram. As the sample molecules leave the columns, their 
presence can be characterized using at least one detector. Physical and chemical properties of the 
samples commonly utilized for detection include UV or infrared (IR) absorption, refractive index 














2.1.1. SEC detectors  
Detectors can be classified into two different groups: concentration sensitive and molar 
mass sensitive. In this study, refractive index detector (RID) and UV spectrophotometer are the 
two main detectors used to characterize the sample as it leaves the column. Both are concentration 
sensitive detectors.1 Although RID requires relatively high detection concentration, it is the most 
universal concentration detector since the RI of most polymer solutions is generally higher than 
that of a pure solvent. Only compounds that share an isorefractive index with the solvent cannot 
be detected (e.g. polydimethylsiloxane in THF). On the other hand, UV absorbance detectors can 
be used to detect samples at much lower concentrations but require that the sample compound 
contain at least one UV active group.  
The dependence of signal intensity on concentration can be determined via Equation 2.1, 
where C and M are the concentration and molecular weight of the sample and KDetector and ksample 
are the instrument specific constant and sample specific constant, respectively: 
 
݈ܵ݅݃݊ܽ ܫ݊ݐ݁݊ݏ݅ݐݕ = ܭ஽௘௧௘௖௧௢௥݇௦௔௠௣௟௘ܥܯ௫  (Equation 2.1) 
 
The molecular weight exponent x is typically 0 for concentration dependent detectors and 1 for 
molecular weight dependent detectors.  For RID, the ksample is the specific RI increment (dn/dc), 
where dn is the change in the RI signal intensity and dc is the change in the concentration of the 
polymer in the solution. Each polymer-solvent system has a characteristic dn/dc that is dependent 





often negligible molecular weight dependence (constant for M>20,000 g·mol-1). Simplifying 





ܥ  (Equation 2.2) 
 
Both KDetector and dn/dc constants must be determined experimentally to correlate the refractive 
index directly with the sample concentration. A simple calibration experiment can be performed 
to find the KDetector and dn/dc values by determining the dependence of sample concentration C on 
the RI intensity (i.e. peak area).  The slope of the calibration curve gives KDetector multiplied by 
dn/dc, following Equation 2.2. Since dn/dc is relatively independent of molecular weights, the 
refractive index of an SEC chromatogram is directly proportional to the concentration of the 
polymer in the solution. When the area under the SEC chromatogram is normalized to 1, the peak 
area is equivalent to mass fraction. 
 Since most organic solvents are transparent to UV light, UV detectors are often employed 
to detect the concentration of a compound with specific UV active group(s). The UV absorbance 
can be directly calculated by using the Beer-Lambert law (Equation 2.3), where I0 and I1 are the 
intensities before and after transmission through the sample, and ε, L, and C are the wavelength-
dependent constant unique to the species, width of the sample cell, and the concentration of the 
UV active group(s) respectively.  
 
 ܣܾݏ݋ݎܾܽ݊ܿ݁(ߣ) = ݈݋݃ଵ଴ ቀ
ூబ (ఒ)
ூభ (ఒ)






ε is also known as the extinction coefficient. It can be determined experimentally following 
Equation 2.3 by measuring the absorbance at different sample concentrations C and obtaining a 
calibration curve, where ε∙L is the slope of the curve. Since L and ε are both constants, the UV 
absorbance is strictly dependent on the concentration of the sample. Moreover, since each UV 
active group contributes equally to the absorbance, the peak area of a normalized SEC 
chromatogram is also equivalent to mass fraction. 
 
2.1.2. Obtaining the molecular weight distribution from an SEC chromatogram 
The SEC is regularly used as an analytical technique to separate polymers by their sizes 
and obtain information regarding their molecular weight distributions. Number average molecular 
weights (Mn), weight average molecular weights (Mw), and viscosity average molecular weights 
(Mv) of polymers can be obtained via SEC and are defined by Equations 2.4A, 2.5A, and 2.6A 
respectively, where N is the number of moles of polymer chains of M molar mass with x degree 
of polymerization.2 They can also be defined in terms of mole fraction (Nx) and weight fraction 
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The quickest and simplest way to determine the molecular weight distribution of a polymer 
is to use a calibration curve to convert the SEC chromatogram from an elution time domain to a 
molecular weight domain. Commonly used SEC calibration standards include polystyrene, 
poly(methyl methacrylate), or polyethylene glycol, all of which are commercially available. The 
retention times corresponding to the maximum peaks for each set of polymer standards (left of 
Figure 2.2) can be obtained, compiled, and fitted using a fourth order degree polynomial as shown 
in Figure 2.2 (right). The resultant calibration equation can then be used to accurately convert the 




Figure 2.2. Left: SEC chromatogram of polystyrene standards. Right: Calibration curve of 
polystyrene (molecular weight vs. SEC elution time) fitted with a fourth-order degree polynomial 
R2=0.999836. 
 
 If the calibration standard of the analyzed polymer is not available, the Mark-Houwink-
Sakurada equation (Equation 2.7) can be employed to convert the calibration curve of one polymer 
to another. Here [η] is the intrinsic viscosity of the polymer: 
 
[ߟ] = ܭܯ௔ (Equation 2.7) 














































Typically, the Mark-Houwink-Sakurada constants of a common polymer (a and K) are 
already reported in literature, examples of which are shown in Table 2.1. If the two Mark-
Houwink-Sakurada constants are known for both of the polymers (the standard and the analyzed), 
one can first calibrate the SEC with a well-characterized standard polymer and then convert its 
calibration curve to that of the analyzed polymer by equating the intrinsic viscosities. Two polymer 
solutions with the same intrinsic viscosities should theoretically behave the same way in SEC. 
SEC can then be used to determine the molecular weight distribution of the analyzed polymer.  
 
Table 2.1: Mark-Houwink-Sakurada constants of common polymers in THF at 30˚C  
Polymer K (x10^3) ml·g-1 a 
Polystyrene3 11.4 0.716 
Poly(methyl methacrylate)4 8.97 0.71 
Poly(n-butyl acrylate) 3 12.2 0.7 
Poly(acrylamide)4 11.1 0.69 
Poly(butadiene)4 25.2 0.727 
Poly(diacetylenes) 3 29.2 0.585 
 
 In the case when the standard of the analyzed polymer is not available and the nature of 
the analyzed polymer is unknown, one can employ a universal SEC calibration to correct for the 
molecular weight of the analyzed sample, as proposed by Benoit and coworkers in 1967.5  The 
universal calibration is based on the assumption that the hydrodynamic volume of a polymer is the 
parameter responsible for SEC retention, following the Einstein equation (Equation 2.8) that shows 
the proportionality between [η]M and V, and the Fox-Flory equation (Equation 2.9) that relates 











మ߶ܴ௚ଷ  (Equation 2.9) 
 
where V and R are the volume and hydrodynamic radius of a hard sphere polymer under ߠ 
conditions, and the constant ϕ is the Flory viscosity constant. By comparing Equation 2.8 to 
Equation 2.9, it can be seen that Rg3 is proportional to hydrodynamic volume V. A universal 
calibration of log [η]M was proposed and the linear behavior between retention volume and log 
[η]M was shown experimentally by Benoit and coworkers5 as well as by Potschka and coworkers.6 
Therefore, if the SEC is strictly fractionalized by the hydrodynamic volume and the ߠ condition is 
assumed, Equation 2.101 can be used to relate the molecular weights of a well-characterized sample 
(e.g. polystyrene standards) to that of an analyzed sample x, where VE is the experimental SEC 
elution volume: 
 
{[ߟ௉ௌ] ∙ ܯ௉ௌ}( ாܸ,௉ௌ) = {[ߟ௑] ∙ ܯ௑}( ாܸ,௫) (Equation 2.10)1 
 
 Knowing the mass fraction from the peak area of a normalized SEC chromatogram (wx) as 
well as the corresponding molecular weights (Mx), we can apply Equations 2.4B, 2.5B, and 2.6A 
to determine the Mn, Mw, Mv, and polydispersity index (PDI=Mw/Mn) of the polymeric sample. In 
particular, the SEC was used in this study to investigate the molecular weight distribution of 
polymacromers synthesized via MAHP and to determine their structural architecture, functionality, 







2.2.  Nuclear magnetic resonance spectroscopy (NMR) 
Nuclear Magnetic Resonance (NMR) is a versatile spectroscopic tool used by chemists and 
biologists to provide information about the physical and chemical properties of molecules and 
macromolecules. NMR can be used to obtain detailed information on the structure, functionality, 
dynamics, reaction state, and chemical environment of molecules. In organic chemistry, NMR is 
often used to determine the identity and purity of a synthesized compound. In polymer chemistry, 
NMR proves very useful in identifying the functionality and structural composition of a polymer. 
Although two-dimensional and three-dimensional NMR are available, this section will focus 
predominantly on one-dimensional NMR for isotopes with spins of ½. 
 
2.2.1. Nuclear magnetization 
NMR exploits the magnetic properties of atomic nuclei. Certain atomic isotopes have a 
spin angular momentum I, resulting in a non-zero magnetic moment (μ) via the relation:  
 
ࣆ =  ߛࡵ =  ߛ࢓ħ (Equation 2.11) 
 
 
where γ is the gyromagnetic ratio, m the magnetic quantum number, and ħ the Planck constant. 
Examples of isotopes with non-zero spins include 1H, 13C, 19F, and 31P with an overall spin value 
of ½. These nuclei have two possible spin states, m=+½ and m=-½. In the absence of an external 
magnetic field, the magnetic moments are isotopically oriented and the two states are degenerate 
(have the same energy). Thus, at thermal equilibrium, the population of the two spin states are 
approximately equivalent.  
However, when a strong external magnetic field β0, is applied on the nuclei by the 





β0. The interaction between the magnetic moments of the nuclei and the external magnetic field 
results in an energy difference between the two spin states, as shown in Figure 2.3 and derived by 
Equations 2.12-2.14. Note that the negative sign in Equation 2.12 arises from the use of the right-
hand corkscrew convention. 
 
ࡱ = −ࣆ ∙ ࢼ૙  (Equation 2.12) 
 
Since the β0 force vector is only applied along the z axis, using Equation 2.11: 
 
ࢼ૙,ࢠ = ߚ଴ ࢼ૙,࢞ = ࢼ૙,࢟ = 0 
 
ܧ௭ = −ߤ௭ ∙ ߚ଴ =  −ߛ݉ħߚ଴  (Equation 2.13) 
 
For nuclei with spins of m=+1/2 and m=-1/2, the energy difference between the two states are 
thus: 
 
∆ܧ = ߛħߚ଴  (Equation 2.14) 
 
Therefore, the angular momentum of the magnetic moment I, when subjected to β0, precesses about 
that field with the frequency ࣓૙,7 where: 
 







Figure 2.3.a) Change in energy difference between the m=+1/2 spin state and m=-1/2 spin state. 
(b) Precession of a spin with angular frequency of ω0.8 
 
Thus, it can be seen from Equations 2.14 and 2.15 that ∆E and ω are directly proportional 
to the strength of the applied magnetic field β0. It is also important to mention that local spin 
couplings from nearby electrons and protons slightly modify these energy states. It is on these 
shifts in the energy states that the whole utility of NMR rests, which will be discussed in further 
detail in Section 2.2.3. 
 
2.2.2. The radiofrequency field  
To determine the properties of the nuclear spin system, electromagnetic radiation in the 
radio frequency (RF) region is supplied by the NMR spectrometer to match with the precessing 
frequency of the nuclei, ω0I. The magnetic component of the radiation is represented by the vector 
β1(ω). If ω is different from the nuclei precessing frequency, there will not be any significant 
perturbation of the nuclear magnetic vector by β1(ω). Applying a pulse of RF that matches with 
the processing frequency (ω ൎ ω0I) will result in excitation of the nuclei, causing its magnetization 
vector to tip toward the x-y plane about the external magnetic field and induce an oscillating 






Figure 2.4. NMR probe employed with a single saddle coil9 
 





 (Equation 2.16)10 
 
Immediately after excitation, the nuclei release energy back to the surrounding environment and 
return to the initial equilibrium ground state. The oscillation of the magnetic field around the x-y 
plane diminishes, resulting in decay of the magnetic signal, also known as the free induction decay 
(FID) signal. The FID signal contains information regarding the frequencies from the excitation of 
all of the nuclei. A Fourier transform program can be applied to convert the FID signal from a 
time-domain (intensity vs. time) to a frequency domain (NMR signal intensity vs. frequency), as 
shown in Figure 2.5.  The resultant NMR spectrum in the frequency domain can be used for further 







Figure 2.5. Using Fourier transform to convert a 1H-NMR FID signal from a time-domain to a 
frequency domain.11 The area under each signal frequency is dependent on the relative 
abundance of that proton specie in the sample. 
 
2.2.3. Influence of electrons and adjacent protons on the NMR signal 
From the previous derivation of the energy states, it may appear that when the same 
magnetic field is applied to any atom of the same species, the nuclei will resonate at the same 
frequency. For example, using Equation 2.16, an electromagnetic radiation with a frequency of 
300 MHz would be required to excite a proton in a magnetic field of 7.04 tesla. In reality, however, 
local spin couplings from nearby electrons influence the susceptibility of the nuclei to the external 
magnetic field, resulting in a slight change in the two energy states and consequently in the angular 
momentum frequency. Because electrons are charged particles, when a strong magnetic field is 
applied they move in a certain preferred path to produce a small magnetic field opposed to β0. This 
electronic “shielding” generally decreases the susceptibility of the nuclei to the external magnetic 
field.  
The degree of “shielding” by electrons is dependent on the surrounding electron density 
and circulation path and directly dictates the position of the excitation frequency on the NMR 
spectrum, i.e. the chemical shift. If the nucleus is shielded by high electron density, it will absorb 





of adjacent electron withdrawing group(s) or to the circulation path of delocalized π electrons in 
the direction of β0, the proton will absorb at a higher frequency (downfield). Therefore, the position 
of the 1H- and 13C- NMR shifts is strongly influenced by the structure and functionality of the 














 In addition to the magnetic field induced by electrons, adjacent non-equivalent nuclei also 
influence the characteristics of the magnetic frequency being observed, in a phenomenon known 
as spin-spin coupling. When a strong external magnetic field is applied, a small nuclear 
magnetization is generated by the NMR-active nuclei of the molecule. These magnetic moments 
may align with or against β0 and affect the magnetic moments of the neighboring nuclei. For 
example, in two neighboring non-equivalent nuclei, NA and NB, if the magnetic moment of NA is 
aligned against β0, the effective magnetic field felt by NB is slightly weaker, shifting the NMR 
signal of NB downfield. Likewise, aligning NA with β0 shifts the NMR signal of NB upfield. The 
population of the two energy states is almost equivalent, splitting the NMR signal into doublets, 
triplets, or quartets, depending on the number of adjacent non-equivalent atoms.  
The area, chemical shift, and multiplicity of the peaks in an NMR spectrum are unique for 
every molecule/macromolecule specie. They can be used to determine the functionality, extent of 
reaction, chemical composition, and purity of molecules/macromolecules synthesized for and from 
MAHP. 






2.3. Fourier transfer infrared spectroscopy (FTIR) 
Fourier transform infrared spectroscopy (FTIR) is a powerful analytical technique used to 
study and identify the presence of various functional groups of a molecule. The simplicity and 
versatility of FTIR allow it to be used for virtually any sample in any state. Liquids, solids, gases, 
solutions, films, powders, nanoparticles, fibers, and surfaces can all be analyzed via FTIR with 
several choices of sampling methods: traditional transmission, reflective (attenuate total 
reflectance, diffuse reflectance, and specular reflectance), or photoacoustic spectroscopy 
approaches.13 FTIR was used in this study to investigate the functionalities of building blocks in 
MAHP and the changes in these functionalities that were brought about by each chemical 
modification and reaction. 
 
2.3.1. Mode of vibration of molecules 
The atoms in a molecule can move in a variety of ways: translation, rotation, and vibration. 
For polyatomic molecules with N number of atoms, there will be 3N degrees of freedom as shown 
in Table 2.2. For example, the triatomic molecules CO2 and H2O both have three degrees of 
translational freedom. H2O has three degrees of rotational freedom while CO2 has two degrees due 
to the symmetry of the molecule. There will therefore be three degrees of vibrational freedom for 
H2O (symmetric stretching, asymmetric stretching and bending) and four for CO2 (symmetric 
stretching, asymmetric stretching, in-plane bending, and out-of-plane bending). However, the two 








Table 2.2. Degree of freedom of polyatomic molecules with N atoms 
Types of degrees of freedom Linear Non-Linear 
Translational 3 3 
Rotational 2 3 
Vibrational 3N-5 3N-6 
Total 3N 3N 
 
The frequency of vibration of a molecule is dependent on the mass of the atoms and the 
stiffness of the bond. When a molecule is viewed as a system of masses joined together by spring-
like bonds, the frequency of vibration (υ) can be predicted using Hooke’s law as shown in Equation 
2.17, where c is the speed of light, k the force constant, and m the mass of the two bonded atoms. 
Equation 2.17 shows that the frequency of molecule vibration increases with higher force constant 
k and lower reduced atomic mass μ. Stiffer bonds (e.g. triple bonds>double bonds>single bonds) 






 (Equation 2.17) 
ߤ = ௠భ∙௠మ
௠భା௠మ
 (Equation 2.18) 
 
When infrared radiation is irradiated onto a sample, the molecules will absorb energy only 
when the frequency is the same as the vibrational frequencies and when the absorption will cause 
a change in the dipole moment of the molecule. The larger the change in the dipole moment, the 
higher the signal intensity. For instance, in CO2 two stretching vibrations are possible: symmetric 





stretched symmetrically, there will be no net dipole moment and thus no infrared activity. However, 
if the carbonyl groups are stretched asymmetrically, the two bonds will be different in length, 
leading to a small dipole moment. Thus, the asymmetric vibration of the carbonyl groups of CO2 
will indeed lead to a small IR absorption.  
 
 
Figure 2.7. Symmetric (left) and asymmetric (right) stretching of CO2 
 
2.3.2. Infrared radiation/absorptions 
Infrared radiation (IR) refers to the region of the electromagnetic spectrum between the 
visible and microwave regions, specifically between 14000-10 cm-1. Infrared radiation can be 
divided into five different regions: near (214–400 THz), short wavelength (100–214 THz), mid 
wavelength (37–100 THz), long wavelength (20–37 THz), and far (0.3–20 THz) IR. The near and 
short wavelength IR, lying adjacent to the visible region, have higher energy and can excite 
overtone or harmonic vibrations. The lower energy long-wavelength and far IR, adjacent to the 
microwave region, can excite some rotational vibration. The mid wavelength IR region, however, 
is where the majority of vibrational absorption occurs and can thus be employed to excite 
fundamental stretching and rotational vibrations of molecules.  
When an infrared radiation passes through a sample, a fraction of the incident radiation 
will be absorbed at a particular frequency corresponding to the frequency of vibration of the atoms. 
The relation between the intensity of absorption and the concentration of the molecule can be 





constants, the intensity of absorbance is proportional to the concentration of the IR-active specie 
present in the sample, reflected in the area under the specific IR peak. Analysis of the peak areas 
allows one to quantitatively determine the functionality of the molecule and the changes in these 
functionalities brought about by a chemical modification or reaction. 
 
2.3.3. Fourier-transform spectrometer 
 
Figure 2.8 Schematic diagram of an FTIR interferometer 
 
The most significant advancement in infrared spectroscopy came about as a result of the 
development of Fourier transform spectrometers that have drastically improved the quality of IR 
spectra and significantly reduced the time required to obtain data. The general FTIR spectrometer 
is shown in Figure 2.8, consisting of two perpendicular plane mirrors, one of which can travel in 











the IR source for the mid-infrared region, a high-pressure mercury lamp for the far-infrared region, 
or a tungsten-halogen lamp for the near-infrared region. The infrared radiation produced from the 
source is evenly split into two beams: one transmitted to a stationary mirror and the other to a 
moving mirror. The two beams then return to the beamsplitter and recombine and interfere 
destructively or constructively, as demonstrated in Figure 2.9. Fourier transform is then employed 
to convert the signal from a distance domain to a frequency domain, generating the IR spectrum 
of frequency vs. absorbance. The two Fourier transform equations used to interconvert 
between the two domains are shown in Equations 2.19 and 2.20, where I(઼) is the intensity 
measured by the detector and B(̅ߥ) is the power density at a particular wavenumber ̅ߥ. 
 
ܫ(ߜ) =  ׬ ܤ(̅ߥ) cos(2ߨ̅ߥߜ) ݀̅ߥାஶ଴  (Equations 2.19) 





















2.4.Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is a type of thermal analysis technique which measures 
the changes in the mass of a material as a function of the changes in temperature. TGA has been 
widely employed to investigate both chemical and physical phenomena of materials. TGA has 
proven especially powerful in polymer science to study various polymer characteristics such as 
water or volatile content, weight loss measurements, chemical composition, thermal stability, 
degradation, phase transition, crystallization, oxidation/reduction, reaction kinetics, copolymer 
composition, and additive degradation experiments.14  
A TGA instrument consists of a delicate balance that measures the mass of the sample 
specimen residing inside a furnace with a thermocouple that heats or cools the chamber according 
to the programmed temperature. Samples in the range of 1mg-1000mg are loaded onto the balance 
using a specially designed ceramic or platinum pan.  During the experiment, the sample is 
subjected to a controlled temperature program that can heat the sample from ambient temperature 
up to 1200˚C. Care must be taken not to ramp the temperature up too fast which may cause internal 
combustions. The mass of the sample is monitored throughout the entire experiment, which 
typically lasts 1-5 hours. The data may be plotted in terms of mass vs. temperature in a 
thermogravimetric curve, or in terms of rate of mass loss vs temperature in a differential 
thermogravimetric curve.  
Optionally, the chamber may be filled with inert or reactive gas that flows over the sample 
and exits through an exhaust. An inert gas is particularly useful for air or moisture sensitive 
samples that are prone to oxidation, while reactive oxygen can be employed to enhance combustion 






Calibration of TGA should be performed periodically using Curie temperature standard 
weights. The Curie temperature standards utilize the magnetic transition properties of 
ferromagnetic materials. At the Curie temperature, the material transitions from diamagnetic to 
paramagnetic, resulting in the appearance or disappearance of its magnetic properties. Depending 
on the TGA design, this may result in a sharp and reversible weight loss or weight gain, allowing 
the temperature to be calibrated to the corresponding Curie temperature. Widely used standards 
include alumel, nickel, perkalloy, and iron, with Curie temperatures of 154.2˚C, 355.3˚C, 596.0˚C, 
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Chapter 3. Preventing Alkyne−Alkyne (i.e., 
Glaser) Coupling Associated with the ATRP Synthesis 
of Alkyne-Functional Polymers/Macromonomers and 
for Alkynes under CuAAC Reaction Conditions 
 
3.1.  Introduction 
Over the past few decades, the CuAAC “click” reaction1 has emerged as a vital and 
versatile conjugation tool for the preparation of a wide variety of hierarchically structured 
macromolecules such as linear homopolymers2, end-linked gels3–5, block copolymers,6,7 
dendrimers,8 macrocyclic polymers,9 polymeric catenanes,10 miktoarm star polymers,11–13 
polymacromomers,14 and copolymacromers.14 The success of CuAAC-based supramolecular 
chemistry relies on the ability to prepare well-characterized building blocks: alkyne-terminated 
and azide-terminated polymers/macromonomers. Controlled radical polymerization techniques, in 
particular ATRP,15 are generally recognized as the most successful means for preparing these click-
functional polymers/macromonomers (see Section 1.2.3). Alkyne functionality is readily provided 
by the use of an alkyne-functional initiator, while azide functionality is obtained by a post-
polymerization SN2 reaction of the halide terminus (i.e., chlorine or bromine) with sodium azide. 
In practice, however, functional polymers prepared by ATRP are prone to side reactions 
including radical-radical coupling10,16,17 of bromine termini and Glaser coupling of alkyne 
termini,9,17–24 which compromise the macromonomer functionality and their subsequent utility for 








Figure 3.1. Radical-radical and Glaser coupling reactions during and after ATRP (Ln = N 
ligand, X = Cl or Br) 
 
ATRP of an alkyne-terminated polymer is illustrated in Figure 3.1. The initiator chosen for 
this purpose is usually an alkyne molecule with secondary or tertiary bromine functionality, the 
latter of which serves to initiate the controlled radical polymerization reaction. The fact that each 
initiator molecule contains one alkyne group is generally thought to virtually guarantee that each 
polymer chain is terminated with alkyne functionality, enabling subsequent CuAAC end-linking 
reactions. Two undesirable polymer-polymer coupling reactions can occur, however, that 
compromise the fidelity of this synthesis and the purity of the resultant polymeric click-functional 
“building blocks”, as shown in the figure. Radical-radical coupling of the growing chain ends 




















termini produces a dibromo-terminated telechelic macromonomer. These “impurities” contaminate 
the desired product, broaden its molecular weight distribution, and decrease its functionality. 
 
Figure 3.2. Mechanism of oxidative acetylenic Glaser Coupling proposed by Bohlmann et al25 
(Ln = N ligand, X = Cl or Br) 
 
 





Methods are available to minimize radical-radical coupling,27 however the elimination of 
Glaser coupling remains problematic. Glaser coupling of alkynes is a valuable tool in organic 
synthesis,28–34 and its widely accepted mechanism is illustrated in Figure 3.2.25,35 Both Cu(I) and 
Cu(II) are required as catalysts along with a ligand. Because ATRP also employs a ligand and uses 
Cu(I) as a catalyst, experimental conditions that favor the conversion of Cu(I) to Cu(II) can lead 
to Glaser coupling of the alkyne-terminated polymers produced by ATRP. More recently a 
modified mechanism for Glaser coupling26 was proposed based upon density functional theory 
(DFT) as shown in Figure 3.3. This mechanism requires Cu(I) and a nitrogen-based ligand, but 
does not expressly require Cu(II); instead a Cu(I)/Cu(III)/Cu(II)/Cu(I) catalytic cycle is proposed 
and oxygen is required. Compound VIII in Figure 3.3 eventually dissociates to form the ultimate 
coupled product, a diacetylene. 
Attempts have been made to prevent Glaser coupling during ATRP by using 
protection/deprotection strategies,6,13,21,22 such as protection with trimethylsilyl (TMS) or 
triisopropylsilyl (TIPS) groups followed by deprotection with reagents such as 
tetrabutylammonium fluoride (TBAF). These strategies have not proven to be universally reliable 
or effective, however, because protecting groups such as TMS have been found to be labile under 
a variety of different experimental conditions6 and because the harsh reagents required to deprotect 
TIPS can degrade the polymers formed. In the case of TIPS, for example, deprotection can degrade 
the ester linkage in the propargyl 2-bromoisobutyrate initiator normally used to synthesize alkyne-
terminated polymers by ATRP. This degradation can be avoided by replacing the ester linkage by 
an amide, however at the cost of a broader molecular weight distribution. 
Although generally considered to be highly orthogonal, the CuAAC reaction is also subject 





Glaser coupling can occur as illustrated in Figure 3.4. For example, attempts to couple an alkyne-
functional peptide with an azide-functional peptide via liquid phase CuAAC resulted in the 
formation of 1,3-diyenes as byproducts.38 Reports have also indicated the occurrence of Glaser 
coupling side reactions during CuAAC of alkyne-functional small molecules and 
macromolecules.39 While there have been some efforts to prevent these side reactions from 
occurring, for example by using solid phase CuAAC24 and by adding reducing agents,40 general 
methods to eliminate Glaser coupling during ATRP and CuAAC of alkyne-functional materials are 
still lacking. 
 
Figure 3.4. Schematic representation of CuAAC reaction between alkyne- and azide-terminating 
polymers and undesirable alkyne-alkyne Glaser coupling side reaction (Ln = N ligand) 
In light of these challenges, we report a detailed examination of Glaser coupling side 
reactions associated with ATRP of alkyne-terminated polymers and for alkynes held under CuAAC 
reaction conditions, and propose two new strategies for their elimination. We also show that careful 
choice of a nitrogen-based ligand can significantly reduce but not eliminate Glaser coupling 
reactions associated with ATRP synthesis of alkyne-terminated polymers. Preventing these side 
reactions during building block synthesis and coupling reactions is one of the most essential 
requirements for MAHP, which were outlined earlier in Chapter 1. The resultant macromonomers, 
with maximum alkyne functionality, can then be used as building blocks for the synthesis of 












3.2. Experimental Section 
 
Materials 
The monomers used in this study, including styrene (St, Sigma, ≥99%), deuterated styrene 
(St-D8, Polymer Source, 98%) and tert-butyl acrylate (tBA, Aldrich, 98%) were passed through 
basic alumina columns prior to ATRP to remove inhibitors. The following chemicals were 
purchased from Aldrich and used as received: propargyl 2-bromoisobutyrate (PgBiB, ≥97%), ethyl 
α-bromoisobutyrate (EBiB, 98%), N,N,N′,N′,N′′ pentamethyldiethylenetriamine (PMDETA, 
99%), 4,4'-Dinonyl-2,2'-bipyridine (dNbpy, 97%), 4,4’-Di-tert-butyl-2,2’-dipyridyl (dBbpy, 98%), 
1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA, 97%), Tris[2-
(dimethylamino)ethyl]amine (Me6TREN, 97%), copper(I) bromide (CuBr, 99.999%), copper(II) 
bromide (CuBr2, 99.999%), anisole (≥99.0%), N,N-dimethylformamide (DMF, 99.8%), ethyl 
acetate (EtOAc, 99.9%), tin(II) 2-ethylhexanoate (Sn(EH)2, 92.5-100.0%), (+)-Sodium L-
ascorbate (≥98%), and chloroform-d (99.96%). Tetrahydrofuran (THF, 99.9%) and methanol 
(≥99.8%) were purchased from Fisher Scientific. 
 
Instrumentation 
Molecular weight distributions were measured using a Shimadzu LC-10AT size exclusion 
chromatography (SEC), equipped with a ResiPore guard column, two ResiPore SEC columns, and 
three detectors: ultraviolet light (UV, 254 nm), refractive index (RI), and static light scattering. 
Polystyrene standards in the range of Mp=162-483,400 g/mol were used for calibration. Proton 
nuclear magnetic resonance (1H-NMR) spectra were recorded on a Bruker 400MHz spectrometer 





X-ray photoelectron spectroscopy (XPS) spectra were recorded on a PHI 5500 XPS equipped with 
Al/Mg standard X-ray source running at 15kV, a hemispherical electron energy analyzer, and a 
multichannel detector. High-resolution spectra were acquired with a step size in the range of 0.025-
0.2 eV/Step, a pass energy of 23.5 eV, and a takeoff angle of 50°. Cu concentrations of ATRP 
reaction solutions were measured using Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) (ACTIVA-M, HORIBA Scientific) and calibrated using Copper 
standards in the range of 0.1-10.0 PPM. 
 
Polymerization Procedures 
Monomers, solvents (if necessary), ligands, and initiators were added to a dry, clean 
Schlenk flask equipped with a magnetic stirrer and deoxygenated by three freeze-pump-thaw 
cycles. The flask was backfilled with nitrogen and CuBr was immediately added. After two 
additional freeze-pump-thaw cycles, the flask was placed in an oil bath held at the desired 
temperature. The experimental conditions used for ATRP and the resultant molecular weights of 
the polymers are included in Tables 3.1 and 3.3 for polystyrene (PS) and Table 3.2 for poly(tert-





























Br-PS 43.5 1.10c 0.55a 0.55 110 70 2.84; 1.11 
Br-PS 152.2 1.10c 0.55a 0.55 110 301 10.90; 1.06 
α-alkyne,ω-Br-PS 78.3 0.68c 0.34b 0.34 110 63 3.2±0.4; 1.09 
α-alkyne,ω-Br-PS 255.3 0.68c 0.34b 0.34 110 210 10.50; 1.09 
α-alkyne,ω-Br-PS 
(deuterated) 78.3 0.68
c 0.34b 0.34 110 63 3.09; 1.12 
α-alkyne,ω-Br-PS 78.3 0.34d 0.34b 0.34 90 70 4.4; 1.10 
The following initiators were used: aEBiB Initiator; bPgBiB. ATRP ligands: dNbpyc; PMDETAd 
 
 
























α-alkyne,ω-Br-PtBA 50 0.2 0.2 0.2 5 60 25 11.30; 1.19 
 
 


















α-alkyne,ω-Br-PS 78.3 0.34a 0.34 0.34 90 105 3.39; 1.11 
α-alkyne,ω-Br-PS 78.3 0.34b 0.34 0.34 80 240 3.30; 1.17 
α-alkyne,ω-Br-PS 78.3 0.68c 0.34 0.34 70 70 2.68; 1.10 
α-alkyne,ω-Br-PS 78.3 0.68d 0.34 0.34 110 63 2.93; 1.09 





Kinetics of Glaser coupling for alkyne-terminated polymers at -28°C 
Immediately after the synthesis of alkyne end-functional polymer, the ATRP solution was 
frozen with liquid nitrogen and cold THF was added, if necessary, to reduce viscosity. Next, the 
sample was thawed in an ice bath of saturated sodium chloride (-21°C) and the solution was 
transferred into a scintillation vial, placed in a freezer maintained at -28°C. Samples were collected 
at various time intervals and analyzed by SEC. To purify the polymer, the ATRP solution was 
passed through a cold neutral alumina column, previously cooled to -20°C. The copper-free 
solution was precipitated dropwise (5x) in methanol for PS or water/methanol mixture (1:1 vol/vol) 
for PtBA. The polymer was finally dried in vacuo and analyzed by SEC. 
 
Kinetics of Glaser coupling for alkyne-terminated polymers at room temperature  
Immediately after the synthesis of alkyne-terminated polymer, the flask was placed in a 
water bath to ensure thermal equilibration with room temperature. The ATRP product was then 
transferred via a nitrogen-purged syringe to a scintillation vial equipped with a magnetic stirrer set 
at 600 RPM. Once exposed to air, samples were collected at selected time intervals and quenched 
by freezing the solution with liquid nitrogen. The samples were thawed and instantly analyzed by 
SEC. For deuterated α-alkyne, ω-Br-PS, the reaction solution was additionally passed through a 
cold neutral alumina column and precipitated dropwise in methanol (5x). The sample was finally 









Effect of ATRP ligands on Glaser coupling 
The synthesis of α-alkyne, ω-Br-PS was performed with various nitrogen-based ligands as 
described in Table 3.3. After polymerization, the kinetic studies of the Glaser coupling of alkyne 
end-functional polymers were performed at room temperature following the procedure presented 
earlier.  
 
Effect of the Reducing Agents on the Glaser Coupling post-ATRP 
Immediately after the ATRP of styrene using PgBiB initiator and CuBr/PMDETA, the 
solution was frozen with liquid nitrogen. The sample was thawed in an ice bath of saturated sodium 
chloride (-21°C) and the solution was transferred via a nitrogen purged syringe to 0.97M Sn(EH)2 
(6.8 mmol, 20 equiv. to CuBr) in degassed toluene. The solution was then stirred in a water bath 
to ensure thermal equilibration with room temperature. The sample was then exposed to air and 
analyzed by SEC at various time intervals. 
 
Synthesis and Kinetic Studies of α-alkyne, ω-Br-PS via Activator ReGenerated by 
Electron Transfer (ARGET) ATRP 
Styrene (10mL, 87mmol), Me6TREN (12L, 4.510-2mmol), PgBiB (92mg, 0.45mmol), 
and CuBr2 (1mg, 0.4510-2mmol) were added to a scintillation vial equipped with a magnetic 
stirrer and capped with a rubber septum. The solution was frozen with liquid nitrogen and Sn(EH)2 
(15µL, 4.610-2mmol) was added. The vial was placed in an ice bath with a constant stirring rate 
for 2 hours. The solution was sonicated additionally for 15 minutes and later placed in an oil bath 





After 2.5 hours of polymerization (Mn=3050, PDI=1.22), the sample was placed in a water 
bath to allow thermal equilibrium with room temperature. The vial was then opened to air and 
samples were collected and analyzed by SEC at different time intervals. To purify the polymer, the 
solution was passed through a neutral alumina column and precipitated dropwise (5x) in excess 
methanol. The polymer was finally dried in vacuo. 
 
Study of Cu oxidation states 
After the synthesis of α-alkyne,ω-Br-PS (Mn=2980 g·mol-1, PDI=1.10), 3mL of the ATRP 
mixture was transferred via a nitrogen purged syringe into an argon purged 20mL scintillation vial 
equipped with a clean (1x1 cm2) silicon wafer and capped with a rubber septum. The remaining 
ATRP solution was exposed to air for 24 hours and afterward transferred into a scintillation vial 
equipped with a clean silicon wafer. For the Cu(II) standard, a solution of CuBr2/dNbpy (1:2 
mol/mol) in styrene was used. Argon was bubbled and later blown into the vials for 5 days until 
the solution was completely dry. The Cu oxidation states of the dried films were then analyzed via 
X-ray photoelectron spectroscopy (XPS). 
 
Copper solubility studies 
After the synthesis of α-alkyne,ω-Br-PS (Mn=3170 g·mol-1, PDI=1.09), the mixture was 
transferred to an open scintillation vial placed either in room temperature or in a freezer maintained 
at -28°C. After 24 hours, the samples were centrifuged and filtered to remove precipitates and 
afterward dried using rotary evaporator. 20mL of 2M nitric acid was then added to dissolve the 






NMR Studies of Glaser coupling between small molecules 
PgBiB (0.3mmol), PMDETA (0.3mmol), THF (9mL), and CuBr (0.3mmol) or CuBr2 
(0.3mmol) were added to a scintillation vial equipped with a magnetic stirrer and sonicated for 15 
minutes. Sodium L-ascorbate (6mmol) dissolved in 2mL deionized water was added to the vial if 
required. The vial was subsequently placed on a stir plate set to stir at 600RPM for 24 hours.  
The procedure to purify the products following the incubation of PgBiB with 
CuBr2/PMDETA and Sodium L-ascorbate was as followed. The volatile fraction was first removed 
by rotary evaporation. The crude product was then dissolved in EtOAc and washed with deionized 
water (5x).  The organic layer was decanted, dried using anhydrous sodium sulfate, and passed 
through a neutral alumina column to remove trace copper. The solvent was filtered and removed 
in vacuo.  
For the reaction mixture with no reducing agent added, the solution was first passed 
through a neutral alumina column to remove the copper catalyst and the solvent was subsequently 
removed by rotary evaporation. The crude product was then dissolved in EtOAc and washed with 
deionized water (5x) to remove PMDETA.  The organic layer was decanted, dried with anhydrous 
sodium sulfate, and the solvent was removed in vacuo. The products were finally extracted and 








3.3. Results and Discussion 
 
3.3.1. Glaser coupling, a side reaction to ATRP.  
 
The SEC trace for a typical alkyne end-functional polymer synthesized by ATRP, in this 
case α-alkyne, ω-Br-PS, is shown in Figure 3.5. There is a main peak centered at the target 
molecular weight chosen for the synthesis, and a satellite shoulder/peak at lower elution volume 
indicating the presence of an undesirable polymer with molecular weight greater than the target 
molecular weight. 














Figure 3.5. Typical SEC trace of alkyne end-functional polymer synthesized from ATRP. 
 
The most likely origin of the undesirable byproduct is the formation of coupled product 
by an end-linking reaction to yield a polymer with precisely twice the target molecular weight.  
If the byproduct is the result of an end-linking or coupling reaction, its molecular weight 





uncoupled polymer (see Equation 3.1). Figure 3.6 illustrates that the bimodal molecular weight 
distribution of end-functional polymer produced by ATRP can be quantitatively reproduced by 
assuming that the undesirable byproduct is the result of a polymer coupling reaction. Although 
the shoulder apparent in the molecular weight distribution shown in Figure 3.5 might often be 
dismissed as a negligible fraction of the total molecular weight, the modeling for the case shown 
indicates that end-coupled polymer accounts for about 20% by weight of the total polymer 
product, significantly reducing its functionality and compromising its utility in producing well-
defined supramolecular structures by subsequent CuAAC reactions. 
 













Figure 3.6.Best fit (simulated by self-convolution) normalized SEC signals of alkyne end-
functional polymer (dotted line) and coupled polymer (dashed line) 
 
 Alkyne-functional polymers prepared by ATRP have one alkyne-functional chain end 
provided by the initiator, and one bromine atom at the active chain end where monomer addition 
occurs. There are therefore two possible side reactions to account for polymer coupling or end-





between two polymeric alkyl bromides as shown in Figure 3.1. These coupling reactions are 
undesirable as they decrease the ultimate alkyne/click functionality and increase the 
polydispersity index (PDI), compromising the precise control over polymer properties that is 
normally offered by ATRP. The loss of functionality is of particular importance as these 
functional polymers are macromonomers used to produce a variety of hierarchically structured 
macromolecules of varying architecture and increased complexity. The loss of control over 
macromonomer functionality and structure leads to defects in the complex supramolecular 
materials they are intended to produce. 
The question of which of the two end-linking reactions is responsible for the coupled 
byproduct may be answered in part by performing ATRP using a non-functional initiator, in 
which case only radical-radical coupling is possible. For this purpose, two non-functional PS 
polymers of different molecular weights were synthesized with the non-functional bromine 
initiator (EBiB) using CuBr/dNbpy as the catalyst-ligand complex. Immediately after 
polymerization, the SEC traces in Figure 3.7 (solid line), indicate monodisperse products without 
any indication of coupling. Even after exposure to air for 18 hours (the open circles in Figure 
3.7), there is no indication of polymer coupling. One can reasonably conclude therefore that the 



































Figure 3.7. Superimposed SEC chromatograms of non-functional PS (Top Figure: Mn=2840 
g•mol-1, PDI=1.11; Bottom Figure: Mn=10900 g•mol-1, PDI=1.06). Solid black line: taken 
immediately after completion of the ATRP. Open circle (plotted for every 30th data points): 









Figure 3.8. (A) 1H-NMR (400MHz) spectra recorded in CDCl3 for pure PgBiB.  1H-NMR spectra 
of a 24-hour incubation of PgBiB with (B) CuBr and PMDETA in THF and (C) CuBr2 and 





To corroborate this conclusion, we used 1H-NMR to study coupling in the small molecule 
alkyne-functional initiator itself in the presence of various ATRP catalysts and ligands. For this 
purpose, PgBiB was incubated with CuBr and PMDETA in THF and then exposed to air for 24 
hours. Figure 3.8 shows the 1H-NMR spectra of pure PgBiB initiator, before (Figure 3.8A) and 
after 24-hour incubation in air (Figure 3.8B). The spectra show a minute reduction in the 1H-NMR 
relative peak area at =1.96 ppm from 6.07 to 5.91, indicating minimal radical-radical coupling. 
However, the spectra show a clear disappearance of the acetylene peak at =2.51 ppm, suggesting 
that the preponderance of coupling for the pure alkyne-functional ATRP initiator in the presence 
of air can be attributed to acetylenic Glaser coupling and is not associated with radical-radical 
coupling.  
Based upon the Bohlmann et al25 mechanism for Glaser coupling, it is unlikely that 
acetylenic coupling can occur during ATRP. Glaser coupling requires both Cu(I) and Cu(II) as 
catalysts. ATRP, however, uses only Cu(I) as a catalyst and is carried out in the absence of oxygen 
so that there is little likelihood for formation of Cu(II) by oxidation of Cu(I) under ATRP reaction 
conditions. It is reasonable to expect therefore that Glaser coupling occurs post-polymerization 





























Figure 3.9. XPS spectra of Cu(I)Br/dNbpy (black line) and Cu(II)Br2/dNbpy thin films (red line) 
 



















Figure 3.10. XPS spectra of Cu(I)Br/dNbpy thin films before oxidation (black line) and after a 
24-hour exposure to air (green and blue lines) indicating the conversion of Cu(I) to Cu(II). XPS 






Figures 3.9 and 3.10 show that upon exposure to air, Cu(I) is oxidized to Cu(II), forming 
the catalysts required for Glaser Coupling. ATRP of styrene was performed using CuBr/dNbpy 
catalyst complex and after 70 minutes, a sample was collected and dried under anaerobic 
conditions. The thin film on a silicon wafer was subsequently analyzed via XPS showing Cu 2p3/2 
and Cu 2p1/2 peaks at 933 eV and 953 eV, respectively (black lines in Figures 3.9 and 3.10). 
Cu(II)Br2/dNbpy in styrene was also dry casted into a thin film and subsequently analyzed via 
XPS (Figure 3.9, red line) showing a shift of the Cu 2p3/2 peak towards 935 eV and the presence 
of a series of satellites at 943, 945, and 964 eV. The remaining ATRP solution was exposed to air 
and after 24 hours, the solution was dry casted into a thin film and analyzed via XPS as shown in 
Figure 3.10 (blue and green spectra). The shift of Cu 2p3/2 towards higher binding energy and the 
appearance of the satellites confirm that Cu(II) was generated upon exposure to air.  
The strength of the copper XPS signals are lower than ideal due to several factors: (i) 
copper is present in only catalytic amounts; (ii) due to surface reorganization, copper is always 
buried beneath organic material thus attenuating its signal; and (iii) data collection time was 
minimized because prolonged exposure to the X-ray beam under high vacuum may alter the 
sample due to the reduction of Cu(II) to Cu(I) or Cu(0); indicated by the decrease in the satellite 
peaks after 50 cycles of XPS data collection (blue line) compared to that from 1 XPS cycle (green 
line). Despite the experimental challenges, the data in Figures 3.9 and 3.10 clearly show that Cu(II) 


















































Figure 3.11. Top Figure: SEC spectra for α-alkyne, ω-Br-PS (dotted line; Mn=2930 g•mol-1, 
PDI=1.09) and coupled products taken as a function of time after exposure to air at room 
temperature. Bottom Figure: SEC spectra for α-alkyne,ω-Br-PtBA (dotted line; Mn=11300 






The hypothesis that Glaser coupling occurs post-polymerization was validated by 
performing SEC analysis of molecular weight distributions as a function of time exposed to air 
following polymerization. The results are shown in Figure 3.11 (top figure), for α-alkyne, ω-Br-
PS for the first 20 hours of exposure to air after ATRP. Initially, the product is comprised primarily 
of the target product with a molecular weight fraction centered at an elution time of 17.4 minutes. 
Upon exposure to air, the fraction of coupled byproduct (observed at 16.4 minutes) increases 
steadily with time. Figure 3.11 (bottom figure) also shows the same trend for α-alkyne, ω-Br-PtBA 
after exposure to air, as indicated by a gradual decrease in the target product peak and a 
simultaneous increase in the coupled product peak. From these results, it can be concluded that the 
preponderance of coupled product observed in alkyne-terminated polymers prepared by ATRP is 
associated with Glaser coupling that occurs post-polymerization upon exposure to air.  
The conclusion that coupling occurs post-ATRP upon exposure to air is consistent with 
both Glaser coupling mechanisms. In the case of the Bohlmann et al25 mechanism (Figure 3.2), 
oxidization of the Cu(I) ATRP catalyst provides both the Cu(I) and Cu(II) catalysts required. In the 
case of the Fomina et al26 mechanism (Figure 3.3), exposure to air supplies the required oxygen 
that enables the Cu(I)/Cu(III)/Cu(II)/Cu(I) catalytic cycle.  
The kinetics of the Glaser coupling reaction can be followed by analysis of the SEC data 
with a model that describes how end-linking alters the molecular weight distribution. The 
molecular weight distribution of the coupled product can be calculated by taking the self- 
convolution of the molecular weight distribution of uncoupled polymer41 following Equation 3.1, 
where N is the molar fraction of the coupled chains with degree of polymerization of Z and N1 and 


















 Simulated GPC Signal














Figure 3.12. Experimental SEC signal plotted for every 30th data point of α-alkyne, ω-Br-PS 
after 30 minutes of Glaser Coupling (open circle). Simulated SEC signal (solid line), where the 
dashed line is the contribution from uncoupled alkyne polymer and the dotted line is the 
contribution from coupled product 
 
Using this approach, the extent of polymer coupling as a function of exposure time to air 
can be determined by fitting the SEC traces, as shown in Figure 3.12. The peak of the alkyne-
terminated polymer was first characterized by SEC immediately after the ATRP reaction with 
minimal exposure to air to prevent Glaser coupling from occurring as represented by the dashed 
lines in Figure 3.12. By applying a quartic polynomial fit to the SEC calibration of polystyrene 





number distribution. The mathematical self-convolution was then performed to simulate the 
distribution of the coupled product (Figure 3.12, dotted line) assuming equal reactivity among each 
chain length of the polymer. Finally, the fractions of coupled and uncoupled polymers were 
determined by minimizing the sum of squared errors between the simulated and experimental SEC 
traces. Knowledge of the fraction of coupled and uncoupled products allows the conversion of the 
Glaser coupling reaction to be calculated as a function of exposure time to air post-polymerization. 

















Figure 3.13. Conversion of the Glaser coupling reaction for α-alkyne, ω-Br-PS (▲Mn=2,930 
g·mol-1, PDI=1.09 and ■ Mn=3,180 g·mol-1, PDI=1.09) as a function of exposure time to air 
post-polymerization.  
 
Figure 3.13 shows the conversion of the Glaser coupling reaction as a function of the 
exposure time to air post-ATRP. Based upon the bimolecular mechanism for Glaser coupling, the 
rate is expected to be second order in the alkyne concentration. However, several factors are 
expected to complicate the post-ATRP polymer-polymer coupling reaction and lead to reaction 
kinetics that are not second order. For example, it is expected that initially, macroscopic diffusion 





the concentration of oxygen reaches equilibrium at saturation and a catalytic amount of Cu(II) has 
formed, the anticipated second-order Glaser coupling kinetics may still not be relevant as the 
coupling reaction may be controlled by diffusion of the alkyne-functional 
polymers/macromonomers, which will depend on polymer concentration,  chain length and solvent 
quality.42 Finally, as the concentration of Cu(I) diminishes, the rate may depend on the 
concentrations of Cu(I) in the solution and the stability of the Cu(I)/ligand complex.  
The kinetics of Glaser coupling for α-alkyne, ω-Br-PS were also followed by 1H-NMR as 
shown in Figure 3.14. The reaction conditions were identical to those of the previous Glaser 
coupling kinetic experiments; however, in this case, perdeuterated styrene (98% deuterated) 
monomer was used for the ATRP synthesis so that the majority of the protons in the α-alkyne, ω-
Br-PS were associated with the initiator fragment. The occurrence of Glaser coupling was therefore 
indicated by the loss of acetylenic protons. Specimens were collected at different times after 
exposure to air, purified, and then analyzed using both SEC and 1H-NMR. The 1H-NMR peaks 
(excluding the acetylene peak) of the coupled products were normalized to 1 and superimposed as 











Figure 3.14. Top Figure: Full 1H-NMR (400MHz) spectra recorded in CDCl3 of deuterated α-
alkyne,ω-Br-PS (Mn=3090 g·mol-1, PDI=1.12) as a function of time after exposing the ATRP 
solution to air at room temperature. Bottom Figure: Magnified 1H-NMR (400MHz) spectra 





The superimposed 1H-NMR spectra indicate a decrease over time in the acetylene peak 
(Ha) at around 2.45 ppm. The acetylene functionality was monitored for 24 hours, after which the 
majority of the acetylene peak disappeared. The acetylene functionality was estimated by 
comparing the integration of Ha at different reaction times with the integration at t=0.  The reaction 
conversions calculated via 1H-NMR and SEC are shown in Table 3.4 as a function of exposure 
time to air. Comparison of both values showed that the calculated conversions from the two 
methods were consistent with one another and clearly proves that the alkyne-terminated polymers 
underwent Glaser coupling post-ATRP, upon exposure to air. 
 





























3.3.2. Eliminating Glaser coupling of alkyne-terminated polymers by maintaining 
low temperature after polymerization during copper catalyst removal 
 














Figure 3.15. Superimposed SEC chromatograms of α-alkyne, ω-Br-PS (Mn=3310 g•mol-1, 
PDI=1.08) measured immediately after ATRP (solid line) and after a 16-hour incubation 
exposed to air at -28°C (open circle, plotted for every 30th data point). 
 
As shown in Figure 3.15, the Glaser coupling reaction post-ATRP can be completely 
suppressed by maintaining a low temperature (≤-28°C) after polymerization. α-alkyne, ω-Br-PS, 
was first synthesized via ATRP using neat styrene with PgBiB initiator and CuBr/dNbpy catalyst 
ligand complex. Immediately after ATRP, the polymer samples were collected under inert 
atmosphere and analyzed via SEC. The samples were cooled and maintained at -28°C, resulting in 
a dark green ATRP solution; the color indicating the presence of copper. The samples were then 
collected at different time intervals and purified (i.e., copper removed) by passing the solution 
through a cold neutral alumina column. Figure 3.15 shows SEC chromatograms collected 





Figure 3.16 superimposes SEC chromatograms of α-alkyne, ω-Br-PtBA and α-alkyne, ω-Br-PS of 
higher molecular weights (Mn~10000 g·mol-1) before and after this incubation. In all cases SEC 
signals superimpose perfectly indicating that the molecular weight distribution is unchanged after 
16-hours of incubation with air. Post-ATRP Glaser coupling is completely suppressed by 
maintaining low temperature after polymerization and during sample workup.  
The suppression of Glaser coupling at low temperature can be ascribed to several factors. 
First, the decrease in temperature can affect the solubility of the catalyst/ligand complex and 
consequently the rate of Glaser Coupling. For α-alkyne, ω-Br-PS prepared by ATRP (Mn=3170 
g·mol-1, PDI=1.09) and subsequently exposed to air at different temperatures, the total solubility 
of copper as determined via ICP-OES decreased significantly from 1116 ppm at room temperature 
to 294 ppm at -28°C. Huang and coworkers43 reported similar findings for the CuBr/Bpy system, 
where a decrease in temperature from 110°C to 70°C caused a five-fold decrease in the solubility 
of CuBr/Bpy in toluene and a twenty-fold decrease for that of CuBr2/Bpy in toluene. A decrease 
in temperature will also lower the rate of a polymer end-linking reaction because it will lower the 
rate of polymer diffusion. Vrentas and Duda,44 for example, showed using Kirkwood-Riseman 
theories that the logarithm of the mutual-diffusion coefficient predicted for ethylbenzene-
polystyrene system is inversely proportional to 1/T. Moreover, temperature may also affect the 
stability and potentially the concentration of the active copper/ligand complex species in the 
solution. For example, using temperature dependent Diffusion-Ordered NMR Spectroscopy, 
Gschwind and coworkers45 were able to show a temperature dependent interconversion of different 
phosphoramidite-Cu complex species in solution, directly affecting the activity of the compound. 
The combination of these factors could all play a role in suppressing Glaser coupling of alkyne 





































Figure 3.16. SEC chromatograms taken immediately after ATRP (solid line) and 16 hours after 
exposure to air followed by copper removal at -28°C (open circle, potted for every 30th data 
points) for α-alkyne,ω-Br-PS (top figure, Mn=10500 g•mol-1, PDI=1.09); and α-alkyne,ω-Br-



















Figure 3.17. Superimposed SEC signals of α-alkyne, ω-Br-PS (Mn=3710 g•mol-1, PDI=1.10) 
taken immediately after copper removal (solid line) and after a 16-hour incubation in copper-
free solution (open circle, plotted for every 30th data point) at room temperature. 
 
Figure 3.17 presents SEC spectra measured immediately after low temperature copper 
removal by passing the ATRP solution through a cold alumina column and after a 16-hour 
incubation with air in copper-free ATRP solution at room temperature. The two SEC signals 
superimpose perfectly showing identical molecular weight distributions and indicating the absence 
of any polymer coupling reactions. To corroborate these the results, 1H-NMR was measured for 
PgBiB after a 24-hour incubation with CuBr2 and PMDETA. Comparison between the 1H-NMR 
spectra of pure PgBiB (Figure 3.8A) and after the 24-hour incubation (Figure 3.8C) shows 
complete absence of both Glaser coupling and radical-radical coupling reactions. In contrast, a 24-
hour incubation of PgBib with CuBr and PMDETA resulted in the complete disappearance of the 
acetylene peak at =2.51 ppm, indicating quantitative Glaser coupling of the alkyne groups. The 





proposed by Bohlmann et al25 and Fomina et al26 that show that copper must be present for coupling 
to occur. 
In summary, the results presented in Figures 3.15, 3.16, and 3.17 demonstrate that ATRP 
using unprotected alkyne initiator is a viable means to prepare well-defined alkyne end-functional 
polymers provided that the temperature is kept below about -28°C after polymerization and is 
followed by immediate copper removal using an alumina column held at low temperature. These 
conditions eliminate Glaser coupling. 
 
3.3.3. Reducing agents eliminate room temperature Glaser coupling of alkynes 
under CuAAC reaction conditions 
 
Figure 3.18. 1H-NMR (400MHz) spectra recorded in CDCl3 for (A) pure PgBiB and (B) a 24-







Figure 3.18 demonstrates that the addition of reducing agents eliminate Glaser coupling of 
alkyne molecules under CuAAC conditions. A small alkyne molecule, the initiator PgBiB, was 
incubated with CuBr2, sodium L-ascorbate reducing agent, and PMDETA in THF and H2O mixture 
and then exposed to air. Figure 3.18A presents the 1H-NMR spectrum of pure PgBiB and Figure 
3.18B shows the spectrum after the 24-hour exposure to air. The relative peak area ratio between 
Hb at =4.77 ppm and Ha at =2.51 ppm remained constant at 2:1. The disappearance of the Hc 
peak at =1.96 ppm and the appearance of the Hd peak at =1.33 ppm, however indicate 
quantitative radical-radical coupling after prolonged incubation in excess Cu(I)/PMDETA to 
produce a di-alkyne molecule. The 1H-NMR spectrum (Figure 3.18B) suggests that the ascorbate 
reducing agent, commonly used for CuAAC, was able to completely remove dissolved oxygen and 
prevent the oxidation of Cu(I) in the solution, thereby inhibiting Glaser coupling. It should be 
noted that, since this procedure resulted in a quantitative radical-radical coupling, it may constitute 




3.3.4. Reducing agents eliminate room temperature Glaser coupling of alkyne-
terminated polymers post ATRP 
 
As demonstrated in Figure 3.19, the Glaser coupling reaction of alkyne polymers post-
ATRP can be eliminated by the addition of reducing agents immediately after polymerization. The 
ATRP of styrene was performed with PgBiB initiator and CuBr/PMDETA catalyst-ligand complex. 





in toluene. After warming to room temperature, the solution was open to air and analyzed by SEC 
at various time intervals. 
 
















Figure 3.19. Superimposed SEC chromatograms of α-alkyne,ω-Br-PS (Mn=4450 g•mol-1, 
PDI=1.10) measured immediately after ATRP (solid line) and after a 20-hour incubation open to 
air with Sn(EH)2 (open circle, plotted for every 30th data point). 
 
Figure 3.19 shows the superimposed SEC chromatograms of the α-alkyne,ω-Br-PS 
analyzed immediately after ATRP and after 20 hours of exposure to air. The superimposed graphs, 
before and after the incubation indicate identical molecular weight distributions centered at 16.6 
minutes. Figure 3.19 clearly shows that the Glaser coupling reaction post-ATRP was completely 
suppressed by adding excess reducing agents after polymerization to prevent the formation of both 
Cu(II) and Cu(III) that are essential for the coupling reaction as indicated by the mechanisms 






3.3.5. Reducing agents prevent room temperature Glaser coupling during ARGET-
ATRP synthesis of alkyne-terminated polymers in the limited presence of air 
 


























Figure 3.20. SEC signals during ARGET-ATRP of α-alkyne,ω-Br-PS. 
 
Figure 3.20 shows the SEC spectra for α-alkyne,ω-Br-PS prepared by activators 
regenerated by electron transfer for atom transfer radical polymerization (ARGET-ATRP)47 in the 
limited presence of air. The stacked SEC spectra show excellent control over the polymer’s 
molecular weights and PDI. The distributions at lower conversions are monodispersed, indicating 
the absence of coupling reactions. Only at high conversion (>80%) was a bimodal molecular 
weight distribution observed, with the coupled product accounting to approximately 10% 
(mol/mol) of the polymers produced. Matyjaszewski and coworkers reported that the formation of 
the bimodal distribution at high conversion was a result of radical coupling reactions as illustrated 
in Figure 3.1.48 The high viscosity of the solution at high conversions significantly reduces the 





the rate of radical coupling accelerates, resulting in the polymer coupling reaction as evidenced by 
the bimodal distribution. 
 
 
Figure 3.21. Superimposed SEC chromatograms of α-alkyne,ω-Br-PS (Mn=3050 g•mol-1, 
PDI=1.22) measured immediately after ARGET ATRP (solid line) and after an 18-hour 
incubation exposed to air at room temperature (open circle, plotted for every 30th data point). 
 
Figure 3.21 demonstrates that the Sn(EH)2 reducing agent used in the ARGET-ATRP 
procedure not only allows the polymerization to be performed in the presence of air, but also 
effectively eliminates Glaser coupling. After 2.5 hours of ARGET-ATRP the reaction solution was 
cooled to room temperature and the reaction vial was opened to air. Figure 3.21 shows the 
superimposed SEC chromatograms of α-alkyne, ω-Br-PS analyzed immediately after ARGET-
ATRP and after an 18-hour incubation. The superimposed graphs, before and after the incubation, 
show an unchanged molecular weight distributions centered at 16.9 minutes. While ARGET-ATRP 
does eliminate Glaser coupling, it unfortunately produces a polymer with a broader molecular 
weight distribution (PDI=1.22) than that synthesized by normal ATRP (PDI=1.09), due to the 

















limited presence of oxygen and the reduction in the number of Cu(II) deactivator species by the 
addition of Sn(EH)2 during ARGET-ATRP, affecting the rate of chain deactivation. Nevertheless, 
by lowering the concentration of the copper catalyst to 50ppm, we were able to effectively control 
the rate of the polymerization process. Moreover, Matyjaszewski and coworkers reported that 
lowering the catalyst concentration also reduces other catalyst-induced side reactions in ARGET 
ATRP such as the β-H elimination of the bromine terminus which affects the bromine functionality 
of the synthesized polymers.48 
In short summary, the results presented in Figures 3.18-3.21 demonstrate that Glaser 
coupling associated with the ATRP of alkyne functional molecules/macromolecules can be 
eliminated simply by the addition of mild reducing agents such as tin(II) 2-ethylhexanoate or (+)-
sodium L-ascorbate. We also show that Glaser coupling does not occur during or after ARGET-
ATRP due to the presence of reducing agent during polymerization. 
 
3.3.6. Effect of ATRP synthesis ligands on Glaser Coupling of alkyne-terminated 
polymers 
 
The influence of various nitrogen-based synthesis ligands (see Figure 3.22) on the post-
ATRP Glaser coupling of α-alkyne, ω-Br-PS was evaluated by SEC analysis. For comparison sake, 
attempts were made in these experiments to achieve a final molecular weight of ~3000 g·mol-1 
(Mn) for the α-alkyne,ω-Br-PS. The results in Figure 3.23 show that linear bidentate ligands 
(dNbpy and dBbpy) were significantly more active than a tridentate ligand (PMDETA), which in 
turn were more active than a tetradentate ligand (HMTETA) in catalyzing the Glaser coupling 





performed oxidative acetylenic coupling in the presence of bidendente ligand, N,N,N’,N’-
tetramethylethylenediamine (TMEDA) and Cu(I)Cl. While TMEDA has been accepted as the 
‘model’ ligand for acetylene coupling of small alkyne molecules,49,50 when used for ATRP, it 
produces polymers with high PDIs (>1.4) due to the high reactivity of the Cu(I)/TMEDA complex; 
therefore, TMEDA was not investigated in this study.  
 
 























Figure 3.23. Coupling conversion of α-alkyne, ω-Br-PS (▲Mn=2,930 g•mol-1, PDI=1.09; ● 
Mn=2,680 g•mol-1, PDI=1.10; ∆ Mn=3,390 g•mol-1, PDI=1.11; ○ Mn = 3,300 g•mol-1, 






Higher ligand denticity can reduce the Glaser Coupling rates by coordinatively saturating 
the Cu(I) catalyst and hindering with the coordination to the alkyne, which is the essential reaction 
step as shown in both Glaser Coupling mechanisms in Figures 3.2 and 3.3. Interestingly, ligand 
denticity has also been shown to affect the CuAAC reaction rates of alkynes and azides.51 
Tetradentate ligands were reported to produce lower CuAAC reaction rates compared to tridentate 
and bidentate ligands. In both the CuAAC and Glaser Coupling mechanisms, the Cu(I) catalyst is 
involved in the formation of Cu(I)-alkyne π-complexation.52–54 Therefore, the use of higher ligand 
denticity (i.e. tetradentate ligands) may interfere with the formation of the complex, and thus 
decrease the rate of the Coupling reactions. In short summary, results in Figure 3.23 show that 








3.4.  Conclusion 
Alkyne-alkyne (i.e., Glaser) coupling is a side reaction that adversely affects the fidelity of 
both the synthesis of alkyne-functional polymers (i.e. by ATRP) and the click reactions of alkynes 
(i.e., CuAAC). 1H-NMR and SEC experiments demonstrate that Glaser coupling does not occur 
during ATRP of alkyne-functional polymers when air is absent, but upon exposure to air post-
ATRP during sample workup. Upon exposure to air, XPS experiments show that some of the Cu(I) 
present under ATRP conditions are oxidized in situ to generate the Cu(II) required to catalyze the 
Glaser coupling reaction. We introduce two new strategies for the elimination of Glaser coupling 
associated with the ATRP of alkyne-terminated polymers as well as for alkynes under CuAAC 
reaction conditions.  First, by maintaining low temperature post-ATRP followed by immediate 
low-temperature copper catalyst removal, the Glaser coupling reaction was completely suppressed; 
alkyne-terminated polymers of high-functionality were produced without the need for alkyne 
protecting groups. Second, the use of excess reducing agents, such as tin(II) 2-ethylhexanoate or 
(+)-sodium L-ascorbate, eliminated Glaser coupling associated with ATRP and ARGET ATRP 
synthesis of alkyne-functional polymers, as well as for alkynes held under CuAAC reaction 
conditions. Glaser coupling associated with the ATRP synthesis of alkyne-functional polymers is 
also influenced by the nitrogen-based ligand used. Linear bidentate ligands (dNbpy and dBbpy) 
were significantly more active than tridentate (PMDETA), which in turn were more active than 
tetradentate ligands (HMTETA) in catalyzing the Glaser coupling reaction. 
As outlined in Chapter 1, preventing the side reactions during building block synthesis and 
CuAAC coupling reactions is one of the most essential requirements for MAHP. Any side reactions 
affecting the functional groups create defects that compromise the utility of the building blocks in 





the alkyne-alkyne coupling reactions during ATRP and CuAAC, the resulting macromonomers 
with maximum alkyne functionality can then be used as building blocks for the assembly of 
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Chapter 4. How Good is CuAAC “Click” 
Chemistry for Polymer Synthesis? 
 
4.1.  Introduction 
The copper(I) catalyzed azide-alkyne cycloaddition (CuAAC)1 is considered by many to 
be the gold standard of “click” chemistry. In the fields of biological science, the CuAAC reaction 
has been employed for the conjugation of proteins,2–5 carbohydrates,6–9 and antibodies10,11 to 
macromolecules; viral12 and bacterial cell surface labeling13,14; and the preparation of cyclic 
polypeptide15,16 and polysaccharide17 analogues. In polymer synthesis, the CuAAC reaction has 
proven especially powerful for the preparation of hierarchically structured macromolecules such 
as linear homopolymers18, end-linked gels19–21, block copolymers,22,23 dendrimers,24 macrocyclic 
polymers,25 polymeric catenanes,26 miktoarm star polymers,27–29 polymacromomers,30 and 
copolymacromers.30  
In spite of its popularity, the CuAAC click reaction does suffer from certain realities: there 
are side reactions, the functionality of azide- and alkyne-functional polymers may be less than 
100% and the efficiency of the CuAAC reaction for macromolecule synthesis has never been 
thoroughly investigated. For example, alkyne-terminated polymers are subject to Glaser coupling 
reactions31 that decrease the ultimate alkyne functionality under typical CuAAC conditions (see 
Chapter 3), and techniques for incorporating azide termini onto polymer chains (e.g., reaction of a 
terminal bromine with sodium azide) typically have yields of less than 90%.32,33 These factors can 
compromise the fidelity and properties of the complex molecules that CuAAC click reactions are 





A complicating factor in the synthesis of hierarchically structured polymers is that 
techniques for quantitative analysis of the efficiency of polymer coupling reactions are generally 
lacking. While techniques such as nuclear magnetic resonance (NMR)34 and gas chromatography 
(GC)35 are often employed to characterize the CuAAC reactions of low-molecular weight 
molecules, these techniques are generally unsuitable for studying the efficiency of polymer 
coupling since their sensitivities diminish for macromolecules of high molecular weight. Size 
exclusion chromatography (SEC) has been widely employed to monitor the CuAAC reactions of 
macromolecules;22,36,37 however, these analyses often do not take into account the functionality of 
the building blocks and are usually based upon a polystyrene standard without application of 
universal calibration. These limitations can significantly affect the calculated coupling yield, and 
may bedevil any attempts to optimize the actual coupling efficiency that is a criterion critical to 
the success of MAHP.  
In light of these challenges, we report a detailed examination of the efficiency of CuAAC 
coupling reactions between azide- and alkyne-terminated polymers. We show that the functionality 
of the building blocks can be determined simply by varying the molar ratios of the reactants, and 
that the efficiency of the CuAAC reactions can then be determined at the equivalent functional 







4.2.  Experimental Section 
 
Materials 
The polystyrene monomer, styrene (Sigma, ≥99%), was passed through an activated basic 
aluminum oxide column prior to ATRP to remove the inhibitor. The following were purchased 
from Sigma Aldrich and used as received: ethyl α-bromoisobutyrate (EBiB, 98%), propargyl 2-
bromoisobutyrate (PgBiB, ≥97%), 4,4'-Dinonyl-2,2'-bipyridine (dNbpy, 97%), Tris[2-
(dimethylamino)ethyl]amine (Me6TREN, 97%), copper(I) bromide (CuBr, 99.999%), copper(II) 
bromide (CuBr2, 99.999%), tin(II) 2-ethylhexanoate (Sn(EH)2, 92.5-100.0%), sodium azide (NaN3, 
≥99.5%), copper(II) sulfate pentahydrate (CuSO4·5H2O, 99.999%), (+)-Sodium L-ascorbate 
(≥98%), tributyltin hydride (97%, 0.05% BHT stabilizer), triethylamine (≥99.5%), anisole 
(≥99.0%), N,N-dimethylformamide (DMF, 99.8%), and deuterated chloroform (CDCl3, 99.96% 
Deuterated, 0.03 % (v/v) TMS). Tetrahydrofuran (THF, 99.9%) and methanol (≥99.8%) were 
purchased from Fisher Scientific.  
 
Instrumentation 
The polymer’s molecular weight distributions were measured using a Shimadzu LC-10AT 
Size Exclusion Chromatography (SEC) system equipped with an Agilent guard column and three 
SEC columns; Shimadzu ultraviolet light (254 nm) and refractive index (RID) detectors; and a 
Wyatt static light scattering detector. The columns were maintained at 40˚C in a Shimadzu column 
oven and calibrated using Agilent polystyrene standards in the range of Mp=162-483,400 g/mol. 





magnetic resonance (1H-NMR) spectra were recorded on a Bruker 400MHz spectrometer in CDCl3 
with chemical shifts expressed relative to the tetramethylsilane (TMS) standard at =0.00.  
 
ATRP of α-alkyne,ω-Br functional polystyrene (PS-A-Br) 
To eliminate the Glaser Coupling of the alkyne polymers, α-alkyne,ω-Br functional 
polystyrene (PS-A-Br) was synthesized using excess reducing agent, followed by immediate 
removal of copper catalyst at low temperature. First, neat styrene monomer (21mL, 183mmol) and 
alkyne-functional initiator, PgBiB (420mg, 2.05mmol), were added to a Schlenk flask equipped 
with a magnetic stirrer and deoxygenated by four cycles of freeze-pump-thaw. The flash was 
backfilled with argon, and CuBr (1mg, 0.007mmol), Me6TREN (40µL, 0.150mmol), and Sn(EH)2 
(100 µL, 0.31mmol) in deoxygenated styrene (10mL 87mmol) were subsequently added via an 
argon purged syringe. The solution was thawed, and subjected to two additional freeze-pump-thaw 
cycles. The flask was backfilled with argon and placed in an oil bath thermostated to 90°C. After 
110 minutes, the polymer solution was frozen with liquid nitrogen and cold THF was added. The 
solution was then allowed to thaw using an ice bath of saturated sodium chloride (-21°C) and 
immediately passed through a cold neutral alumina column, previously cooled to -28°C, to remove 
the copper catalyst. The copper-free solution was precipitated dropwise and washed in methanol 
(5x). The polymer was finally dried in vacuo and analyzed by SEC and NMR.  
 
ATRP of α-ethyl,ω-Br functional polystyrene (PS-E-Br) 
The styrene monomer (20mL, 174mmol), dNbpy ligand (1.64g, 4mmol), and bromine 
functional EBiB initiator (390mg, 2mmol) were added to a Schlenk flask equipped with a magnetic 





and CuBr (230mg, 1.6mmol) and CuBr2 (93mg, 0.4mmol) were added. After two more cycles of 
freeze-pump-thaw, the Schlenk flask was subsequently placed in an oil bath maintained at 105°C. 
After 2 hours, the solution was frozen, exposed to air, and placed in a freezer maintained at -28°C. 
To purify the polymer, the green ATRP solution was passed through a neutral alumina column, 
precipitated dropwise in methanol, and washed thoroughly with methanol (5x). The polymer was 
finally dried in vacuo.  
 
Preparation of α-ethyl,ω-azide telechelic polystyrene (PS-E-N3) 
PS-E-Br (6.5g, 2.3mmol), NaN3 (7.5g, 115mmol), and anhydrous DMF (160mL) were 
added to a single-neck round-bottom flask equipped with a magnetic stirrer and stirred for 48 hours 
at room temperature under argon atmosphere. After 48 hours, the mixture was filtered and 
precipitated dropwise in a mixture of excess methanol/water (1:1 vol/vol). The sample was then 
washed by 6 washing cycles with water/methanol (3:2 vol/vol) and 2 washing cycles with 
methanol. The polymers were finally dried in vacuo and analyzed by SEC and NMR. 
 
Synthesis of α-alkyne,ω-hydrogen functional polystyrene (PS-A-H) via the 
dehalogenation of PS-A-Br 
The dehalogenation of the bromine-terminated polymer was adapted from the literature.38 
PS-A-Br (3g, 1mmol), PMDETA (100μL, 0.5mmol), tributyltin hydride (1.3mL, 4.8mmol), and 
benzene (25mL) were added to a Schlenk flask equipped with a magnetic stirrer and deoxygenated 
by three cycles of freeze-pump-thaw. The flask was backfilled with argon and CuBr (71mg, 
0.5mmol) was added.  The solution was stirred for 1 hour at 85°C, after which the reaction was 





through a cold neutral alumina column. The solution was then precipitated dropwise in methanol 
(3x) and dried in vacuo.  
 
General procedure for the CuAAC of alkyne end-functional polystyrene and azide-
terminated polystyrene 
PS-A-Br (50.0mg, 0.0174mmol) and PS-E-N3 (in the range of 0.429-2.339 equiv.) were 
added to a 20mL scintillation vial equipped with a magnetic stir bar and a rubber septum. 0.5mL 
triethyl amine in 9mL DMF was added to the vial and the solution was stirred under argon 
atmosphere. After 30 minutes, 50.0μL (+)-Sodium L-ascorbate (500mg/mL in DI) and 122.2μL 
CuSO4·5H2O (10mg/mL DMF) were injected into the reaction vial and the mixture was stirred 
continuously under inert atmosphere. To monitor the progress of the CuAAC reaction, samples 
were taken out via an argon purged syringe and analyzed immediately via SEC to prevent potential 
side reactions (i.e. Glaser Coupling) from occurring. To purify the polymer, the solution was first 
frozen with liquid nitrogen and cold THF was added. The samples were then thawed and passed 
through a neutral alumina column at low temperature to remove the copper catalyst and the 
reducing agent. The solvent was subsequently removed by rotary evaporator and product analyzed 
by 1H-NMR.   
 
Studies of CuAAC side reactions 
The studies of CuAAC side reactions were conducted under the same reaction conditions 
as outlined earlier for the general CuAAC reaction, but only one type of functional polymer was 






4.3. Results and Discussion 
 




Figure 4.1. (A) Synthesis of alkyne end-functional polymer, (B) Synthesis of azide end-functional 










Table 4.1. Number average molecular weights, polydispersity index (PDI), and end-




α end-functionality ω end-functionality Number Average Molecular 
weight (g·mol-1) 
PDI 
PS-A-Br Alkyne Bromide 2871 1.08 
PS-A-H Alkyne Hydrogen 3082 1.12 
PS-E-Br Ethyl Bromide 2821 1.07 
PS-E-N3 Ethyl Azide 3062 1.06 
 
The overall synthesis and CuAAC reactions of alkyne- and azide-terminated polymers is 
described in Figure 4.1 and the resultant molecular weights, PDIs, and end-functionalities of the 
building blocks are shown in Table 4.1. In order to calculate the efficiency of the CuAAC reaction 
between ‘click’ functional polymer/macromonomers, two criteria have to be met: i) the 
functionality of both of the polymers must first be accurately determined and ii) the side reactions 
during the CuAAC reactions have to be identified and minimized.  
 
 
Figure 4.2 Synthesis of alkyne-terminated polystyrene, PS-A-Br 
 
α-alkyne,ω-bromo-polystyrene, PS-A-Br, (Figure 4.2) was synthesized by Atom Transfer 
Radical Polymerization (ATRP) using an alkyne-functional initiator, PgBiB, a CuBr/Me6TREN 














immediately frozen and the copper catalyst removed by passing the ATRP solution through neutral 
alumina column at low temperature. Under these polymerization and purification conditions, the 
Glaser coupling side reaction associated with the ATRP synthesis of unprotected alkyne polymer 
was effectively eliminated (see Chapter 3).31 As shown by the polymer’s molecular weight 
distribution in Figure 4.3, a well-defined alkyne-terminated polymer was produced by this 
procedure without the need for any protecting group. The 1H-NMR spectrum of PS-A-Br is shown 
in Figure 4.4. Previous 1H-NMR studies of alkyne initiator subjected to these ATRP conditions 
confirm that the alkyne functionality is unaffected by the polymerization reaction.31 Since each 
initiator molecule contains one alkyne group, each polymer chain is terminated with alkyne 
functionality (fAlkyne ~ 100%). 
























































As shown in Figure 4.1B, azide-terminated polystyrene can be prepared via ATRP using a 
tertiary bromine initiator, ethyl α-bromo isobutyrate, followed by a post-polymerization 
transformation of the halogen end-group with sodium azide. Styrene (Figure 4.5) was first 
polymerized using CuBr/dNbpy copper-ligand complex at 105°C to generate well-defined α-
ethyl,ω-bromo polystyrene, PS-E-Br, as shown by SEC (Figure 4.6). The resultant polymer was 
then incubated in 50 molar excess NaN3 in DMF to generate α-ethyl,ω-azido polystyrene, PS-E-
N3, as confirmed by the 1H-NMR spectra showing the complete disappearance of the methine 
proton neighboring the bromine chain at 4.40 ppm (Figure 4.7A) and the appearance of the methine 
proton neighboring the azido group at 3.87ppm (Figure 4.7B).39  The SEC chromatogram of the 
resultant polymer in Figure 4.6 also shows a well-defined molecular weight distribution with 
Mn=3062 g·mol-1 and PDI=1.06. 































The functionalities of bromide- and azide-terminated polymers synthesized by ATRP and 
post-polymerization transformations are often unavoidably affected by several side reactions.  
During the ATRP reaction, the halide functionality is compromised by bimolecular termination or 
elimination reactions.40 The SN2 reaction of the terminal bromide of dendritic macromolecules 
with excess sodium azide has also been shown to be non-quantitative.32,33 By assuming that all 
polymer chains are initiated by ethyl α-bromoisobutyrate, the functionalities of bromide- and 
azide-terminated polymers can be directly calculated by comparing the 1H-NMR peaks from the 
ethyl proton of the initiator centered at 3.5 ppm (Figures 4.7A and 4.7B), with the peaks associated 
with protons neighboring the bromide and azide functional groups. Doing so resulted in bromide 
and azide end-functionalities of 92.2% and 91.3% respectively, and indicate an azide substitution 
efficiency of ~99%. The reduction in the click-functionalities of PS-E-N3 can therefore be mainly 
attributed to side reactions that affect the bromide functionality obtained after ATRP. 
 Once the alkyne and azide functionalities are known, the efficiency of the CuAAC 
coupling reaction (figure 4.1C) can be directly calculated by convolution modeling of the product’s 
molecular weight distribution measured via SEC. The maximum product yield will occur when 







4.3.2. CuAAC reaction kinetics and side reactions 
 
Figure 4.8. Side reactions of macromonomers under CuAAC condition: (A) Glaser coupling of 
terminal alkynes and (B) radical-radical coupling of terminal bromide. 
 
As a first test of the efficiency of the CuAAC coupling reaction, we reacted PS-E-N3 with 
PS-A-Br as shown in Figures 4.1C. The non-reactive polymer is present due to the occurrence of 
side reactions that reduce the bromide and azide functionalities (Figure 4.1B). The ‘click’ 
terminated polymers were incubated in deoxygenated DMF with copper sulfate catalyst and 
ascorbate reducing agent. The major product is coupling of the two polymers via a triazole linkage. 
Two undesirable side reactions may occur, however, that directly affect the purity and functionality 
of the resultant end-linked diblock copolymer as shown in Figure 4.8. Radical-radical coupling of 
PS-A-Br produces a di-alkyne-terminated telechelic polymer, which can then react with PS-E-N3 
via CuAAC to form tri- or tetra-block polymer (Figure 4.8B), while Glaser coupling of two 





non-functional polystyrene resulting from inefficiency in the formation of the azide- terminated 
polymer is inert and does not participate in CuAAC but contributes directly to the molecular weight 
distribution of the CuAAC product. These side reactions and non-reactive polymers directly reduce 





















Figure 4.9. Experimental SEC signal of polystyrene during CuAAC (solid line). The normalized 
distribution is simulated to give contributed signals of PS-A-Br (dotted line), PS-E-N3 (dashed 
line), and coupled product (dashed-dotted line). Inset: Magnified SEC trace indicating a slight 






The progress of the CuAAC reaction was monitored by performing convolution modeling 
of the molecular weight distribution measured by SEC. In this process, the molecular weight 
distributions of PS-A-Br and PS-E-N3 were first characterized by SEC. These results are 
represented by the dashed and dotted lines, respectfully, in Figure 4.9. Then by applying a 
polynomial fit to the SEC calibration of polystyrene standards, the raw reactant chromatograms 
were first converted to weight distributions, and subsequently to number distributions. The 
distribution of the coupled product (dashed-dotted line) was then simulated by taking a mathematic 
convolution of the number distribution of the two reactants following Equation 4.1, where N is the 
molar fraction of the coupled chains with degree of polymerization of Z and N1 and N2 are the 
molar fractions of PS-A-Br and PS-E-N3 with chain length i and z-i respectively:8  
 





Finally, the mass fractions of the reactants and product were determined by minimizing the 
sum of squared errors between the simulated (solid line) and experimental SEC curves (open 
circle). By performing the modeling in the elution volume domain, we avoid the necessity of 
applying any universal calibration in the SEC analysis.  
As shown in Figure 4.9 inset, the experimental and simulated SEC chromatograms deviate 
only slightly at higher molecular weights at a retention time of about 15.5 minutes. The two 
possible side reactions that could account for a higher than expected molecular weight during the 
CuAAC are shown in Figure 4.8. We have already investigated the Glaser coupling side reaction 
in detail and have shown that it is eliminated under the conditions that we adopted for the CuAAC 
reaction and subsequent workup (Chapter 3).31 The possibility that the undesirable side reaction is 





distributions of both PS-A-Br and a control, de-brominated alkyne-terminated polystyrene, PS-A-
H, each held under CuAAC conditions as demonstrated in Figure 4.11 and 4.13. Since PS-E-N3 
was not present in either of the reactions, any changes to the molecular weight distribution of the 
polymers can be contributed to radical-radical coupling. The PS-A-Br (Figure 4.11, black solid 
line) was first incubated in deoxygenated DMF with copper sulfate and sodium ascorbate reducing 
agent for 24 hours, and then immediately analyzed by SEC (Figure 4.11, red solid line). The two 
superimposed SEC signals indicate a small change in the molecular weight distribution at a lower 
elution time centered at 16.2 minutes, accounting for around 1% of the total mass. PS-A-H was 
then prepared by incubating PS-A-Br with tributyltin hydride in benzene following the scheme 
shown in Figure 4.12.38 Successful de-bromination of the halide was confirmed by 1H-NMR 
(Figure 4.10) as the complete disappearance of the methine proton neighboring the bromine chain 
at 4.40 ppm. PS-A-H (Figure 4.13, black solid line) was then incubated under the same CuAAC 
reaction conditions and analyzed after 24 hours (Figure 4.13, red solid line). The SEC signals 
before and after the incubation superimpose perfectly. The molecular weight distribution is 
unchanged after the incubation with the ‘click’ catalyst, indicating the absence of any coupling 
reaction. From these results, it can be concluded that the side reaction shown in Figure 4.9 was not 
associated with the Glaser Coupling of alkynes, but was indeed a result of radical-radical coupling 









Figure 4.10. 1H NMR (400MHz) spectra of debrominated PS-A-H recorded in CDCl3 
 
 
With the knowledge that a small amount of radical-radical coupling occurs under CuAAC 
reaction conditions, we can reexamine the deviations between the experimental and simulated SEC 
chromatograms apparent in Figure 4.9. If we include radical-radical coupling of the CuAAC 
product in the convolution modeling to simulate the overall polymer molecular weight distribution 
we show that 0.7-1.5% mass/mass or 0.35-0.74% mol/mol of the coupled product is associated 


























Figure 4.11. Superimposed SEC trace of PS-A-Br before (black solid line) and after (red dotted 
line) incubation with copper catalyst and reducing agent in DMF. Inset: Magnified SEC trace 











































Figure 4.13. Superimposed SEC trace of PS-A-H before (black solid line) and after (red dotted 
line) incubation with copper catalyst and reducing agent in DMF. Inset: Magnified SEC trace 
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Figure 4.14. Experimental (solid) and simulated (dashed) SEC signal of PS during CuAAC. 
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Figure 4.15. CuAAC reaction conversions between PS-A-Br and PS-E-N3 plotted as a function of 
time. Inset: Superimposed SEC chromatogram of polystyrene during the CuAAC reaction taken 
at different timed intervals. 
 
The ability to successfully simulate the complete molecular weight distributions after the 
CuAAC reaction enables calculation of the reaction conversion as a function of time as 
demonstrated in Figure 4.15. For this, PS-A-Br and PS-E-N3 were incubated in ‘click’ catalyst at 
1:1 molar ratio and analyzed via SEC at different timed intervals. The results are shown in Figure 
4.15, inset, for the first 48 hours of incubation with copper catalyst. Initially, the reaction mixture 
is composed primarily of the alkyne and azide terminated polymers. The deconvolution of the 





catalyst, the fraction of the CuAAC coupled product increases steadily with time. Figure 4.15, 
plots the conversion from the CuAAC reaction as a function of time. It can be seen from the figure 
that the reaction conversion levels off after 24 hours. Further analysis of the distribution after 5 
days in ‘click’ catalyst indeed indicate an unchanged reaction conversion as compared to the 24-
hour incubation. The product was subsequently passed through a cold neutral alumina column to 
remove copper and finally analyzed via SEC. Figure 4.16 superimposes the SEC signals 2 days, 3 
days, and immediately after copper removal, indicating that the SEC is stable and reproducible. 
 















Figure 4.16. SEC chromatogram of polystyrene after CuAAC reaction taken immediately after 
copper purification (solid line), 2 days after purification (dashed line), and 3 days after 






4.3.3. The CuAAC efficiency between alkyne- and azide- terminating 
polymer/macromonomer 
 
The overall efficiency of the CuAAC reaction was investigated by carrying out multiple 
reactions where the initial mole fraction of azide-terminated polystyrene was systematically varied 
as shown in Figure 4.17. For this, PS-A-Br and PS-E-N3 at varying molar ratios were incubated in 
‘click’ catalyst in deoxygenated DMF for 24 hours and then subsequently analyzed via SEC. 
Convolution modelling was performed on the resultant polymer distributions and the mole 
fractions of the products were calculated for different amounts of PS-E-N3 added (Figure 4.17). 
Theoretically, if both polymers were 100% functional and the CuAAC efficiency were 100%, the 
conversion should follow the dotted line, with the maximum conversion corresponding to a mole 
fraction of 0.5. Nevertheless, as shown in the figure, the mole fraction corresponding to the 
maximum conversion is skewed by a factor α. Due to the 1:1 stoichiometry of the reactants, the 
expected maximum conversion should be at the equivalent functional molar ratio between alkyne- 
and azide-terminating polymer (fAlkyne = fAzide). Therefore, from this data alone, it is possible to 
back-calculate the amount of nonfunctional, non-reactive polystyrene present in the PS-E-N3 
sample. The maximum product peak was reached when the mole fraction of the initial azide was 
0.524. From this, we determine that actual azide-functionality of PS-E-N3 was 91.1%. As shown 
in Table 4.2, comparison of the values calculated from 1H-NMR and SEC demonstrates the 

























Figure 4.17. CuAAC reaction conversions as a function of PS-E-N3 mole fractions added 
initially. The fraction corresponding to the maximum conversion is skewed by α=0.024 due to 
the presence of non-functional polymer. 
 
Figure 4.18 shows the mole fraction of the coupled product from the CuAAC reaction 
plotted against varying PS-E-N3 molar fraction where we have taken into account the influence of 
the 8.9% of non-functional polystyrene. In this case, the maximum product was found when the 
mole fraction of azide to alkyne end-functional polystyrene was 0.5, indicating that the effect of 
non-reactive polystyrene has been properly accounted for. Finally, the efficiency of the CuAAC 





polymers and was calculated to be 93.7±2.6% as shown in Table 4.2. The molecular weight 
distribution at the equivalent ‘click’ functional molar ratio is shown in Figure 4.20. 
 
 




























Figure 4.19. 1H NMR (400MHz) spectra recorded in CDCl3 of diblock polystyrene after CuAAC 






Table 4.2. End-Functionality and CuAAC Efficiency 
 
 1H-NMR (%) SEC (%) 
Bromide Functionality (PS-E-Br) 92.1 - 
Azide Functionality (PS-E-N3) 91.3 91.1 
CuAAC Efficiency 94.1±2.3 93.7±2.6 
   














Figure 4.20. CuAAC product (solid line) between PS-E-N3 (dotted line) and PS-A-Br (dashed 
line) at the equivalent reactant functionality 
 
The efficiency of the CuAAC reaction was also calculated from 1H-NMR studies as 





equiv.) via CuAAC where fAlkyne = fAzide. The polymers were then passed through a cold neutral 
alumina column and subsequently analyzed via 1H-NMR as shown in Figure 4.19. The success of 
the CuAAC reaction can be confirmed by the disappearance of methine proton neighboring the 
azido group at 3.87ppm (Figure 4.7B) and the appearance of the proton neighboring the triazole 
linkage at 4.9ppm and the proton from the triazole linkage at 7.7ppm. By assuming that all the 
azide-terminating polymer and the non-functional polymers are initiated by ethyl α-
bromoisobutyrate, the conversion of the CuAAC reaction can be directly calculated by dividing 
the integration of peaks b over twice of peak k (since 2 protons contribute to peak k) then 
accounting for the 8.7% non-functionality of the PS-E-N3 sample (calculated from 1H-NMR). 
From this result, the efficiency of the CuAAC reaction was calculated to be 94.1±2.3% as shown 
in Table 4.2, corroborating the efficiency calculated by the SEC method.  
The current study presents a simple and precise framework to examine the efficiency of 
CuAAC reactions of macromolecules where any click reaction conditions may be employed. The 
1H-NMR and SEC studies both showed that at the equivalent functional molar ratio (fAlkyne = fAzide), 
the CuAAC reaction efficiencies is approximately 94%. It should be emphasized that this value is 
appropriate only for the reaction conditions employed herein. Different efficiencies are anticipated 
for different conditions as previous studies have shown that the CuAAC efficiencies may be 
affected by the molecular weights of ‘building blocks’,36 ligands,41 and solvents42 used. The 
versatility of the SEC convolution method allows the coupling efficacies to be determined at any 
reaction conditions regardless of reactant species, molecular weights, or functionalities of the 
polymer. Methods to globally maximize the CuAAC efficiency are therefore an interesting topic 






4.4.  Summary 
We present a framework for the study of CuAAC reaction efficiency in macromolecule 
coupling reactions. 1H-NMR and SEC were first employed to examine the “click” functionality of 
polymer/macromonomers by performing the CuAAC reactions at varying molar ratios of reactants. 
The azide end-functionality of the polymers were determined via SEC studies to be 91.1%, 
corroborating the results from 1H-NMR studies (91.3%). 1H-NMR also showed that the bromide 
functionality of the polymer synthesized via ATRP was 92.1%, indicating an azide SN2 efficiency 
of 99%. Next, by taking into account the effects of any non-functional, non-reactive 
macromonomers and possible side reactions (i.e. radical-radical coupling) present during CuAAC, 
the efficiency of the CuAAC reaction was determined to be 93.7±2.6% and 94.1±2.3% from SEC 
and 1H-NMR studies, respectively.  
While these inefficiencies detrimentally impact the fidelity of hierarchically structured 
polymers prepared by CuAAC coupling reactions, the framework described for determining 
reaction efficiency does provide a means for ultimately optimizing the reaction conditions for 
CuAAC coupling reactions. Moreover, by employing a solid phase to synthesize polymacromers, 
as presented in Chapter 6, excess building blocks can be added to the reaction to push it to 
completion. Since the desired product is covalently bound to the solid surface, the excess reactant 
and by-products (i.e. non-functional building blocks) can easily be separated from the product in 
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Chapter 5. Controlled Assembly of Branching 
Polymers and Copolymers 
 
5.1.  Introduction 
The synthesis of polymers with complex yet highly controlled molecular architectures has 
drawn significant attention due to the growing demand for specialty polymers that possess novel 
properties. In particular, due to the unique properties of dendrimers and hyperbranching polymers, 
a large number of dendritic structures varying in size, solubility, and function have been prepared 
over the last few years.1–7 Branching polymers are especially important in surface modification of 
curved substrates such as micro- and nanoparticles, as the volume increases linearly from the core. 
As shown in Figure 5.1 (top), as the distance from the center of the particle increases by r, the 
radial density of the linear brush decreases by 1/r2.8–11 Therefore, branching points are required to 
keep the polymer brush density from falling off as the distance from the substrate increases. The 
use of branching points multiplies the number of functional groups per unit area by B and increases 
the number of total chain ends to N(B)g-1, where N is the total number of polymer chains, B is the 
functionality of the branching molecule, and g is the total number of generations or shells.12,13 
However, dendrimer syntheses often suffer from side reactions and low yield due to steric 
hindrance, as shown in Figure 5.1 (bottom).14 In subsequent generations, most dendrimer syntheses 
require high monomer loading, generate considerable waste, and rely on complicated purification 
procedures, rendering them unfeasible for industrial scale production.15 For example, it has been 
reported that the synthesis of polyester dendrimers, based on a combination of etherification and 





chromatographic separations, and incomplete additions of monomers, which limited the growth of 
the dendrimers to only a few generations.16 
 
 
Figure 5.1. (Top) Schematic illustration of the growth of polymer brush: (A) linear (N=8, B=0, 
g=3) and (B) branching (N=8, B=2, g=3) polymers. The solid circles represent the sphere of 
volume occupied by a macromonomer. (Bottom) The halt of dendrimer growth due to steric 
hindrance. 
 
In Chapter 1 of this dissertation, we presented a new synthetic scheme, employing “click” 
chemistry to assemble molecular building blocks sequentially to prepare well-defined 
hierarchically structured polymers. Chapter 5 discusses how this new synthetic scheme was 
employed to prepare multi-block co-polymacromers with controlled branching architectures, 
which to our knowledge cannot be prepared by any other current methodology. These branching 
polymacromers are distinct from dendrimers and hyperbranching polymers made to date, in that 
the distance between branch units can be precisely controlled by using heterobifunctional 






controlled branching, it is possible to keep the density of the polymer chains constant as a function 
of the distance from the core, thus circumventing the limitations of both dendritic and linear 
polymeric systems. To demonstrate this concept, α-TIPS-alkyne, ω-azido heterobifunctional and 
heterotrifunctional branching molecule/macromolecules were first prepared via ATRP and organic 
synthesis and quantitatively characterized by SEC and NMR. Repeated cycles of CuAAC and 
deprotection reactions were then performed to sequentially assemble these building blocks to 







5.2.  Experimental Section 
 
Materials 
The monomers used in this study were purchased from Sigma-Aldrich and passed through 
an activated basic aluminum oxide column prior to ATRP to remove the inhibitor: styrene (≥99%), 
tert-butyl acrylate (98%), and n-butyl acrylate (>99%). The following were purchased from Sigma 
Aldrich and used as received: ethyl α-bromoisobutyrate (EBiB, 98%), α-bromoisobutyryl bromide 
(98%), propargyl 2-bromoisobutyrate (PgBiB, ≥97%), propargylamine (98%), 3-
(Trimethylsilyl)propargyl alcohol (99%), n-butyllithium solution (n-BuLi, 1.6 M in hexanes), 
triisopropylsilyl chloride (97%), 5-aminoisophthalic acid (94%), sodium nitrite (99.999%), thionyl 
chloride (97%), 4,4'-Dinonyl-2,2'-bipyridine (dNbpy, 97%), N,N,N′,N′,N′′ 
pentamethyldiethylenetriamine (PMDETA, 99%), Tris[2-(dimethylamino)ethyl]amine 
(Me6TREN, 97%), copper(I) bromide (CuBr, 99.999%), copper(II) bromide (CuBr2, 99.999%), 
tin(II) 2-ethylhexanoate (Sn(EH)2, 92.5-100.0%), sodium azide (NaN3, ≥99.5%), copper(II) sulfate 
pentahydrate (CuSO4·5H2O, 99.999%), (+)-Sodium L-ascorbate (Na-Asc., ≥98%), 
tetrabutylammonium fluoride solution (TBAF, 1.0M in THF), triethylamine (Et3N, ≥99.5%), 
anisole (≥99.0%), N,N-dimethylformamide (DMF, 99.8%), and deuterated chloroform (CDCl3, 
99.96% Deuterated, 0.03 % (v/v) TMS). Tetrahydrofuran (THF, 99.9%), acetone (≥99.8%, extra 
dry), ethyl acetate (≥99.5%), diethyl ether (≥99.0%), n-Hexane (95%), dichloromethane (≥99.9%), 









The molecular weight distributions of the polymer were measured using a Shimadzu LC-
10AT size exclusion chromatography (SEC) system equipped with an Agilent guard column, three 
Agilent SEC columns, and Shimadzu ultraviolet light (254 nm) and refractive index (RID) 
detectors. THF was used as the mobile phase with a flow rate of 1mL·min-1. The columns were 
maintained at 40˚C inside a Shimadzu column oven and calibrated with polystyrene standards 
(Agilent, Mp=162-483,400 g·mol-1). Proton nuclear magnetic resonance (1H-NMR) and carbon 
nuclear magnetic resonance (13C-NMR) spectra were recorded on Bruker 400MHz or Bruker 
500MHz instrument using CDCl3 as solvent with chemical shifts expressed relative to the 









Synthesis of TIPS-alkyne functional ATRP initiator 
 
Synthesis of 3-(triisopropylsilyl)prop-2-yn-1-amine17 
A solution of propargylamine (1.2mL, 18.7mmol) in 90mL anhydrous THF was added to 
a two-necked round bottom flask equipped with a magnetic stirrer and cooled to -78˚C while 
stirring under nitrogen atmosphere. n-BuLi (13.5mL, 21.6mmol) was added dropwise via a 
nitrogen purged syringe, and after 20 minutes of reaction, the solution was warmed to 0˚C. TIPS-
Cl (5.2mL, 24.3mmol) was added dropwise. The solution was stirred at 0˚C for 30 minutes and 
afterwards at room temperature for 2.5 hours. 100 mL of aqueous saturated NaHCO3 solution was 
added to quench the reaction. The aqueous layer was extracted with ethyl acetate (5x100mL) and 
dried using anhydrous sodium sulfate. The solvent was filtered and removed in vacuo. The product 
was purified by column chromatography on silica gel using ethyl acetate/n-hexanes as eluent 
which was changed gradually from pure hexane to 1:1 to give 3-(triisopropylsilyl)prop-2-yn-1-
amine as a pale-yellow liquid (3.6g, 17.0mmol, 91%). The product was finally characterized by 
1H-NMR (400 MHz, CDCl3), as shown in Figure 5.2: δ = 1.00 (m, 21 H, 3  iPr), 1.51 (br. s, 2 H, 




































































Synthesis of 2-bromo-2-methyl-N-(3-(triisopropylsilyl)prop-2-yn-1-yl)propanamide  
The synthesis of TIPS-protected alkyne functional ATRP initiator was modified from the 
literature.18 A solution of 3-(triisopropylsilyl)prop-2-yn-1-amine (3.6g, 17.0mmol) and Et3N 
(4.9mL, 35.1mmol) in 90mL THF was added to a two-neck round bottom flask equipped with a 
magnetic stirrer and cooled in an ice bath under nitrogen atmosphere. α-bromoisobutyryl bromide 
(2.5mL, 20.0mmol) was added dropwise followed by constant stirring for 3 hours at 0°C and then 
for 5 hours at room temperature. The precipitate was removed by filtration, the solvent removed 
under reduced pressure, and the crude product extracted with 50 mL ethyl acetate. The organic 
phase was washed with aqueous saturated NaHCO3 solution (5×50 mL) and brine (2×30 mL), 
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column 
chromatography on silica gel using n-hexane/EtOAc (98:2) as eluent to give 2-bromo-2-methyl-N-
(3-(triisopropylsilyl)prop-2-yn-1-yl)propanamide as a white solid (4.1g, 11.4mmol, 67.1%). The 
product was finally characterized by 1H-NMR (400 MHz, CDCl3), as shown in Figure 5.3: δ = 
1.00 (m, 21 H, 3  iPr), 1.89 (s, 6 H, C(CH3)2Br), 4.02 (d, JCH2-NH = 5.04Hz, 2 H, C–CH2–N), 6.76 




























































































Synthesis of 3-(trimethylsilyl)prop-2-yn-1-yl 2-bromo-2-methylpropanoate 
A solution of commercially available 3-(Trimethylsilyl)propargyl alcohol (3.71mL, 
25.0mmol) and Et3N (7mL, 50mmol) in 50mL anhydrous THF was added to a two-neck round 
bottom flask equipped with a magnetic stirrer and cooled in an ice bath under nitrogen atmosphere. 
α-bromoisobutyryl bromide (3.7mL, 30.0mmol) was added dropwise followed by constant stirring 
for 3 hours at 0°C and then for 5 hours at room temperature. The precipitate was removed by 
filtration, the solvent removed under reduced pressure, and the crude product extracted with 50 
mL ethyl acetate. The organic phase was washed with aqueous saturated NaHCO3 solution (5×50 
mL) and brine (2×30 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by column chromatography on silica gel using n-hexane/EtOAc (70:30) as eluent to give 
3-(trimethylsilyl)prop-2-yn-1-yl 2-bromo-2-methylpropanoate as a clear yellow liquid. The 
product was finally characterized by 1H-NMR (400 MHz, CDCl3), as shown in Figure 5.3B: δ = 
0.19 (s, 9 H, 3 Si-CH3), 1.96 (s, 6 H, C(CH3)2Br), 4.77 (s, 2 H, C–CH2–O) ppm. 
 












Branching Group Synthesis 
 
Synthesis of 5-azidoisophthalic acid: 
10 mL of cold aqueous solution of NaNO2 (1.1 mM) was 
added into a cold (<5 ºC) solution of 5-aminoisophthalic acid 
(11.0 mmol) in water / conc. HCl (5:1, v/v), resulting in the 
formation of pale-yellow precipitate. The reaction mixture was 
stir for an additional 1 hour at the same temperature. An ice-cold 
solution of NaN3 (11.0 mmol) in water (5 mL) was added 
dropwise followed by stirring at room temperature. After 14 hours, the mixture was filtered, 
washed with water, and dried in vacuo at 50 ºC to isolate the expected 5-azidoisophthalic acid 
(yield= 82%) as a white solid.  
 
Synthesis of 5-azidoisophthaloyl dichloride 
1.5mL anhydrous DMF was added to a suspension of 5-
azidoisophthalic acid (8 mmol) in dichloromethane (DCM, 25 
mL) followed by the addition of thionyl chloride (SOCl2, 12 mL). 
The reaction mixture was allowed to stir for 4 hours at 40ºC (oil 
bath), resulting in a clear solution. The excess SOCl2 was 
removed by vacuum distillation and the expected 5-







Synthesis of 5-azido-N1,N3-bis(3-(triisopropylsilyl)prop-2-yn-1-yl)isophthalamide 
(BB-[TIPS·A]2-N3) 
 
A solution of 5-azidoisophthaloyl dichloride (8 mmol) in DCM (40 mL) was added 
dropwise into a reaction mixture containing 3-(triisopropylsilyl)prop-2-yn-1-amine (18.8 mmol) 
and triethylamine (Et3N, 5 mL) in DCM (60 mL) at 0 ºC followed by constant stirring for 2 hours 
at same temperature and then overnight at room temperature. The salt was removed by filtration 
and the solvent removed under reduced pressure. The product was extracted with 50 mL EtOAc, 
and the organic phase was repeatedly washed with aqueous NaHCO3 saturated solution (4×40 mL) 
and brine (2×40 mL). The products were dried over Na2SO4, filtered and concentrated in vacuo. 
Finally, the crude product was purified by column chromatography to obtain 5-azido-N1,N3-bis(3-
(triisopropylsilyl)prop-2-yn-1-yl)isophthalamide, (BB-[TIPS·A]2-N3) (yield = 76%). The product 
was finally characterized by 1H-NMR (400 MHz, CDCl3) as shown in Figure 5.4: δ = 1.01 (m, 41 
H, 6  C-(CH3)2), 1.46 (m, 8 H, 6  Si-CH-(CH3)2, 4.25 (d, JCH2-NH = 5.12Hz, 4 H, 2 C–CH2–N), 6.19 









































































































Synthesis of unprotected α-alkyne,ω-bromo-polymer via ATRP 
Monomer, alkyne-functional initiator (PgBiB), ligand, and solvent (if required) were added 
to a 50mL Schlenk flask equipped with a magnetic stirrer and deoxygenated by three cycles of 
freeze-pump-thaw. The flash was backfilled with argon and either CuBr or a mixture of CuBr, 
Sn(EH)2, and ligand in deoxygenated monomer were immediately added. The solution was 
thawed, and subjected to two additional freeze-pump-thaw cycles. The flask was backfilled with 
argon and placed in an oil bath thermostated to the desired temperature. At the desired time, the 
polymer solution was frozen with liquid nitrogen and cold THF was added. The solution was 
allowed to thaw using an ice bath of saturated sodium chloride (-21°C) and immediately passed 
through a cold neutral alumina column, previously cooled to -28°C, to remove the copper catalyst. 
Under these purification conditions, the Glaser Coupling of the alkynes associated with the ATRP 
synthesis of unprotected alkyne polymer was effectively eliminated.19 The copper-free polymer 
solution was precipitated dropwise (4x) in methanol for polystyrene (PS) or water/methanol (1:1 
vol/vol) for poly(tert-butyl acrylate) (PtBA) or poly(n-butyl acrylate) (PnBA) and then dried in 
vacuo. The experimental conditions used for the synthesis of unprotected alkyne polymers and the 
resultant molecular weights are shown in Table 5.1. 
 
Synthesis of protected α-TIPS-alkyne,ω-bromo-polymer and α-ethyl,ω-bromo-polymer  
Monomer, ligand, initiator, and solvent (if required) were added to a Schlenk flask 
equipped with a magnetic stirrer and deoxygenated by four cycles of freeze-pump-thaw. The flask 





subsequently placed in an oil bath maintained at the desired temperature. At the desired time, the 
solution was frozen, exposed to air, and placed in a freezer maintained at -28°C. To purify the 
polymer, the ATRP solution was passed through a neutral alumina column, precipitated dropwise 
(4x) in methanol for PS or water/methanol mixture (1:1 vol/vol) for PnBA and PtBA, and dried in 
vacuo. The ATRP experimental conditions and the resultant molecular weights of the polymers are 
shown in Table 5.2. 
 
Synthesis of α-TMS-alkyne,ω-bromo functional polystyrene via ATRP 
Styrene (8mL, 70mmol), TMS-protected propargyl 2-bromoisobutyrate (321mg, 1.16mmol), and 
dNbpy ligand (947mg, 2.32mmol) were added to a 25mL Schlenk flask equipped with a magnetic 
stirrer and deoxygenated by three cycles of freeze-pump-thaw. The flash was backfilled with 
nitrogen and CuBr (166mg, 1.16mmol) was immediately added. The solution was thawed and the 
flask was placed in an oil bath thermostated to 110ºC. After 80 minutes, the polymer solution was 
frozen with liquid nitrogen and cold THF was added. The solution was allowed to thaw and 
immediately passed through a cold neutral alumina column to remove the copper catalyst. The 
copper-free polymer solution was precipitated dropwise in methanol. The product was washed 4x 
with methanol and dried a vacuum oven. The polymer was finally analyzed by SEC, indicating a 







Synthesis of azide end-functional polymer 
Bromo terminating polymer (1 molar equiv.), NaN3 (50 equiv.), and anhydrous DMF were 
added to a round-bottom flask equipped with a magnetic stir bar and stirred for 48 hours at room 
temperature under argon atmosphere. For polystyrene, the salt was removed via filtration and the 
polymer solution precipitated dropwise in excess methanol/water (1:1 vol/vol). The product was 
washed with a mixture of water/methanol (3:2 vol/vol) and then with methanol. The polymer was 
dried in vacuo to give azide end-functional PS as dry white solid. For acrylate polymers, the salt 
was removed via filtration and DMF was removed via rotary evaporator. 50mL ethyl acetate was 
added and the organic phase was washed with deionized water (5×100 mL) and brine (2×30 mL). 
The polymer solution was dried over Na2SO4, filtered, and concentrated in vacuo to give azide 
end-functional PtBA and PnBA as dry white foam and clear viscous liquid respectively. Successful 
functionalization of the polymer with azide moieties was observed by the appearance of the azide 










General CuAAC Reaction Procedure 
 
CuAAC reaction between azide- and alkyne- terminating polymers 
We previously showed that the azide end-functionality of the polymer synthesized via 
ATRP followed by substitution reaction with sodium azide was approximately 91%. To account 
for the non-functionality of the polymer, excess azide (1.1 molar equiv. to the alkyne) was used 
(See Chapter 4). Moreover, since BB-[TIPS·A]2-N3 is soluble in IPA while PS is not, excess 
branching group was employed for the CuAAC reaction, and subsequently removed via 
precipitation of the polymer in excess IPA. Other polymers (i.e. PtBA and PnBA) used in this study 
is highly soluble in IPA; thus, the CuAAC reaction was conducted at 1.1 molar equiv. azide to 
alkyne.  The CuAAC experimental conditions for the coupling of azide- and alkyne- terminating 
polymers are shown in Table 5.3. 
The general CuAAC reaction procedure is as followed: alkyne and azide end-functional 
polymers were first added to a round bottom flask equipped with a magnetic stir bar and capped 
with a rubber septum. A solution of Et3N and PMDETA in DMF was added to the flask and the 
solution was stirred under argon atmosphere for 30 minutes. (+)-Sodium L-ascorbate (500mg·mL-
1 in DI) and CuSO4·5H2O (10mg/mL DMF) were then injected via argon purged syringe and the 
reaction mixture was stirred continuously for 24 hours under inert atmosphere.  
To purify the polymer, the reaction solution was first frozen with liquid nitrogen and cold 
THF was added. The sample was then thawed and passed through a neutral alumina column at low 
temperature to remove the copper catalyst. For polystyrene homopolymer, the sample was 
precipitated and washed 3x in isopropyl alcohol, 2x in methanol, and dried under reduced pressure. 





extracted with 50mL ethyl acetate. The organic phase was washed thoroughly with deionized water 
(5×100 mL) and brine (2×30 mL). The polymer solution was then dried over Na2SO4, filtered, and 










General procedure for the removal of TIPS group 
TIPS-protected alkyne polymer dissolved in THF (0.008M TIPS-alkyne) was added to a 
round bottom flask equipped with a magnetic stir bar and capped with a rubber septum. The flask 
was purged with argon for 30 minutes, after which a solution of 1.0M TBAF (10 equiv. to TIPS-
alkyne) in THF was added. After stirring for 20 hours, the solution was passed through a basic 
alumina column and the solvent was removed under reduced pressure. The product was dissolved 
in 50mL ethyl acetate, and washed with deionized water (5×100 mL) and brine (2×30 mL). The 
deprotected alkyne polymer was dried over Na2SO4, filtered, and concentrated in vacuo. 
Successful deprotection of the alkyne was confirmed by the disappearance of the isopropyl peaks 
in the 1H-NMR spectra at =0.99 and in the 13C-NMR spectra at =11.35 and 18.79 ppm. 
 
Procedure to study the stability of bromide end-functionality of polymers during CuAAC 
PS1-A-Br (50.0mg, 0.0174mmol) was added to a 20mL scintillation vial equipped with a 
magnetic stir bar and a rubber septum. 2µL PMDETA and 0.5mL triethyl amine in 5mL DMF was 
added to the vial and the solution was stirred under argon atmosphere. After 30 minutes, 50μL (+)-
Sodium L-ascorbate (500mg/mL in DI) and 200μL CuSO4·5H2O (10mg/mL DMF) were injected 
into the reaction vial and the mixture was stirred continuously under inert atmosphere. After 30 
hours of incubation, the reaction solution was frozen with liquid nitrogen and cold THF was added. 
The sample was thawed and passed through a neutral alumina column at low temperature to 
remove the copper catalyst and the reducing agent. The polymer was precipitated and washed 4x 






Procedure to study the stability of TMS and TIPS protecting group of alkynes during 
CuAAC 
0.0174mmol α-TIPS-alkyne,ω-azide or α-TMS-alkyne,ω-azide functional polymer was 
added to a 20mL scintillation vial equipped with a magnetic stir bar and capped with a rubber 
septum. 2µL PMDETA and 0.5mL triethyl amine in 9mL DMF was added to the vial and the 
solution was stirred under argon atmosphere. After 30 minutes, 50μL (+)-Sodium L-ascorbate 
(500mg/mL in DI) and 200μL CuSO4·5H2O (10mg/mL DMF) were injected into the reaction vial 
and the mixture was stirred continuously under inert atmosphere. After 24 hours, the sample was 
taken out via an argon purged syringe and analyzed immediately via SEC. 
 
Procedure to study the stability of the ester and triazole linkages in TBAF solution 
PS1·PS3-Et-Br (synthesized via the CuAAC of PS1-A-Br and PS3-Et-N3) was added into 
a 20mL scintillation vial equipped with a magnetic stir bar and capped with a rubber septum. The 
flask was purged with argon and a solution of TBAF (0M, 0.13M, or 1M) in THF was added. After 
stirring for 24 hours, the sample was taken out via an argon purged syringe and analyzed 











5.3.  Results and Discussion 
5.3.1. Strategies for the assembly of linear and branched molecular building blocks 
 
 
Scheme 5.1. Assembly of linear and branched heterofunctional building blocks via CuAAC and 
azide substitution reactions: Alkyne (  ), azide (  ), halide (  ), and triazole (  ). 
 
 
Scheme 5.2. Assembly of linear and branched heterofunctional building blocks via CuAAC and 























Two different strategies for the Modular Assembly of Hierarchically-structured Polymers 
(MAHP) are outlined in Schemes 5.1 and 5.2. The major differences between the two schemes are 
the functionality of building blocks used for assembly and the methods to regenerate the “click” 
functionality after CuAAC. In Scheme 5.1, a heterofunctional building block with one alkyne            
(  ) and at least one halide (  ) is first added to an azide (  ) polymer via CuAAC. Subsequent 
azide SN2 reaction of the halide regenerates the azide group, allowing for further CuAAC reaction 
with different alkyne building blocks. Repeated cycles of CuAAC and azide SN2 reactions add 
building blocks to the growing polymer chain ends, allowing for the synthesis of complex 
hierarchically-structured polymers. In Scheme 5.2, the heterofunctional building blocks have one 
azide and at least one alkyne group, which is rendered inert by a protecting group (  ). Complex 
polymeric structures are created by repeated cycles of CuAAC reactions of the alkyne with the 
azide terminus of the building blocks and deprotection reactions to free the terminal alkynes. In 
both cases, polymers with complex architectures can be assembled from a molecular toolkit 
containing only a small number of linear and branched building blocks joined together by stable 
triazole linkages (  ). 
In order to successfully synthesize branching polymers or copolymers via MAHP, four 
criteria must be met: (I) the heterobifunctional and heterotrifunctional building blocks must be 
readily synthesized and quantitatively characterized (both structure and functionality); (II) the 
bromide (for Scheme 5.1) and protected alkyne (for Scheme 5.2) functionalities must be preserved 
during the CuAAC reactions; (III) click functionalities must be regenerated in subsequent 
deprotectection or NaN3 substitution reactions; and (IV) the CuAAC “click” reaction between 






5.3.2. Synthesis of molecular building blocks for MAHP 
 
Synthesis of unprotected α-alkyne,ω-Br polymers 
As shown in Scheme 5.3, the synthesis of α-alkyne,ω-Br functional polymers were 
conducted using an unprotected alkyne-functional initiator, PgBiB; styrene or n-butyl acrylate 
monomers; and CuBr/ligand catalyst complex. For polystyrene synthesis, Sn(EH)2 reducing agent 
was added to improve the bromide end-functionality of the polymer.20 After ATRP, the polymers 
were immediately frozen and the copper catalyst removed by passing the ATRP solution through 
neutral alumina column at low temperature. Under these polymerization and purification 
conditions, the Glaser Coupling side reaction associated with the ATRP synthesis of unprotected 
alkyne polymer was effectively eliminated (Chapter 3).19 As shown by the GPC chromatograms 
and NMR spectra of the polymers in Figures 5.5-5.9, well-defined α-alkyne,ω-Br functional 
polymers were produced by this procedure without the need of a protecting group. Previous NMR 
studies in Chapter 319 confirm that the alkyne functionality was unaffected by the ATRP reaction 
and the polymer chain was terminated with an alkyne functionality (fAlkyne~100%). The 
experimental conditions for the ATRP synthesis is detailed in Table 5.1, and the resultant molecular 


























Figure 5.5. Normalized SEC chromatogram of α-alkyne,ω-Br polystyrene. Right curve: PS1-A-
Br (Mn=2.87 kgmol-1; PDI=1.09); left curve: PS4-A-Br (Mn=10.50 kgmol-1; PDI=1.09). 
 
Figure 5.6. 1H-NMR (400 MHz) spectra of PS1-A-Br recorded in CDCl3 
A 


























































































Synthesis of α-(TIPS-alkyne),ω-N3 polymers 
As demonstrated in Scheme 5.2, the heterofunctional building blocks used for MAHP have 
one azide group and at least one alkyne group which is rendered inert by a protecting group. 
Protecting the alkyne ensures that building blocks can only react with the growing alkyne 
functional polymer and not with each other, a criterion critical to the success of MAHP in 
synthesizing polymacromers with low PDI. While trimethyl silane (TMS) has been shown to be 
sufficient in protecting alkyne polymers in some CuAAC reactions,21 we have found the TMS 
group to be labile under the CuAAC conditions present in this study as demonstrated in Figure 
5.10 by a change in the molecular weight distribution of α-TMS-alkyne,ω-N3 before and after 
incubation with click catalysts, corroborating reports by Opsteen et. al.22 Thus, a more stable 
protecting group, triisopropyl silane (TIPS), was employed for polymer synthesis; its complete 
deprotection can be brought about by the addition of TBAF.23  



















Figure 5.10. Normalized SEC chromatogram of α-TMS-alkyne,ω-N3 polystyrene before (dotted 
line) and after (solid line) incubation in CuSO4·5H2O, PMDETA and Na·Asc. Superimposed SEC 
chromatograms show significant changes in the molecular weight distribution, indicating that 






Scheme 5.4. Synthesis of TIPS-protected alkyne functionalized ATRP initiator 
 
The synthesis of TIPS-protected alkyne functionalized ATRP initiator is illustrated in 
Scheme 5.4, and was carried out by first reacting commercially available propargyl amine with 
TIPS-Cl, followed by subsequent reaction of the amine functionality with α-Bromoisobutyryl 
bromide. The 1H-NMR spectrum (Figure 5.3) confirms the successful synthesis. It must be noted 
that the ester linkage present in most ATRP initiators was replaced by an amide to improve the 
stability of the initiator and to avoid undesirable polymer degradation induced by harsh reagents 
used during deprotection reactions. 
 
 
Scheme 5.5. Synthesis of α-(TIPS-alkyne),ω-N3 polymers 
 
The synthesis of α-(TIPS-alkyne),ω-N3 polymers was carried out using the TIPS-protected 
alkyne functionalized ATRP initiator; styrene or tert-butyl acrylate monomers; CuBr and CuBr2 
catalyst; and PMDETA or dNbpy ligands, as demonstrated in Scheme 5.5. Immediately after ATRP, 
the polymer samples were cooled to −28 °C and purified (i.e., copper removed) by passing the 
solution through a neutral alumina column. The resultant polymers were then incubated in 50 














as shown by the SEC chromatogram in Figures 5.11 and 5.16. Successful azide substitution was 
confirmed by comparing the 1H-NMR spectra in Figures 5.12, 5.14, 5.17 and 5.19, which showed 
the complete disappearance of the methine proton neighboring the bromide group at δ=4.40 ppm 
for polystyrene and δ=4.10 ppm for PtBA and the appearance of the methine proton neighboring 
the azido group at δ=3.87 ppm for polystyrene and δ=3.70 ppm for PtBA. By assuming that all 
polymer chains were initiated by the TIPS-protected alkyne functionalized ATRP initiator, and by 
comparing the 1H-NMR relative peak area of the azide-neighboring proton with that from the 
initiator fragments, the azide end-functionality of polymers were calculated to be approximately 
92% for polystyrene and 95% for PtBA, corroborating with our previous studies in Chapter 4.  
Moreover, the 1H-NMR resonance of the isopropyl group at δ=0.99 ppm indicates that the TIPS 
protecting group was completely preserved during the ATRP and NaN3 substitution reactions. The 
resultant molecular weights and PDI of α-(TIPS-alkyne),ω-N3 functional polymers are shown in 





















Figure 5.11. Normalized SEC chromatogram of PS2-TIPS·A-N3 (Mn=3.99 kgmol-1; PDI=1.12) 
 
 
Figure 5.12. 1H-NMR (400 MHz) spectra of PS2-TIPS·A-Br recorded in CDCl3 
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Figure 5.13. 13C-NMR (500 MHz) spectra of PS2-TIPS·A-Br recorded in CDCl3 
 
 
Figure 5.14. 1H-NMR (500 MHz) spectra of PS2-TIPS·A-N3 recorded in CDCl3 indicating an 
































































































Figure 5.18. 13C-NMR (500 MHz) spectra of PtBA1-TIPS·A-Br recorded in CDCl3 
 
 
Figure 5.19. 1H-NMR (500 MHz) spectra of PtBA1-TIPS·A-N3 recorded in CDCl3 indicating an 

























































Synthesis of α-(TIPS·alkyne)2,ω-N3 heterotrifunctional branching molecule 
 
Scheme 5.6. Synthesis of α-(TIPS-alkyne)2,ω-N3 heterotrifunctional branching molecule 
 
α-(TIPS·alkyne)2,ω-N3 heterotrifunctional branching molecule was synthesized in three 
steps, as shown in Scheme 5.6. For this, 5-azidoisophthalic acid was first synthesized by incubating 
commercially available 5-aminoisophthalic acid in a solution of HCl and NaNO2, followed by the 
addition of NaN3 to convert the amine group to an azide group.24 The carboxylic acid functionality 
was converted to acid chloride using thionyl chloride, followed by reaction with the amine 
functionality of TIPS-protected propargyl amine to form α-(TIPS-alkyne)2,ω-N3 
heterotrifunctional branching molecule (BB-[TIPS•A]2-N3). Successful synthesis and purification 
of BB-[TIPS•A]2-N3 were verified by 1H-NMR, as shown in Figure 5.4. Reaction of this branching 
molecule with an alkyne end-functional polymer via CuAAC creates a branching point that 























































































































































































































































































5.3.3. Examining the stability of functional groups during CuAAC 
The second and third criteria for MAHP are the preservation of the bromide (for Scheme 
5.1) and protected alkyne (for Scheme 5.2) end-functionalities during CuAAC reaction, and the 
subsequent regeneration of the click functionalities by deprotection or substitution reactions. The 
complete preservation and regeneration of these functionalities are of particular importance as 
these “click” functional groups are used for coupling reactions with macromonomers to produce 
complex polymers of varying architecture. The loss of control over these functionalities leads to 
defects in the complex supramolecular materials that the scheme is intended to produce.  
 
 

























Scheme 5.7. NaN3 substitution of PS1·PS3-Et-Br, PS1·[PS3]2-[Et]2-Br, and PtBA2·PnBA1-Et-Br 
followed by incubation with alkyne macromonomers and CuAAC catalysts resulted in no 
coupling reaction. 
 
As demonstrated in Figure 5.21 and Scheme 5.7, the bromide end-functionality of the 
polymacromers was diminished during the CuAAC reaction, indicating that Scheme 5.1 is not an 
effective route for MAHP. For this study, PS1-A-Br was incubated with CuSO4, PMDETA, and 
sodium ascorbate reducing agent in DMF for 30 hours and subsequently analyzed by 1H-NMR as 
shown in Figure 5.21. The spectrum after incubation shows the disappearance of the proton 
resonance associated with the alkyl bromide at δ = 4.4 ppm, indicating a loss of the bromide 
functionality during CuAAC. Moreover, as shown in Scheme 5.7, incubation of the products from 
the CuAAC reactions (i.e. PS1·PS3-Et-Br, PS1·[PS3]2-[Et]2-Br, and PtBA2·PnBA1-Et-Br) with 
NaN3 in DMF followed by incubation with alkyne macromonomers and “click” catalysts did not 
result in any coupling reaction, possibly due to the loss of bromide functionality. From these 
results, one can reasonably conclude that Scheme 5.1 (the combination of CuAAC and NaN3 
substitution reactions) is not a valid route for synthesis of complex polymers, due to the loss of the 





















Figure 5.22. Normalized SEC chromatogram of PS2-TIPS·A-N3 before (dotted line) and after 
(solid line) incubation under CuAAC reaction conditions 
 
The stability of the TIPS protecting group under CuAAC reaction conditions was 
investigated via the SEC and NMR studies of the α-TIPS-alkyne,ω-azide functional polystyrene 
in the presence of “click” catalyst, as demonstrated in Figure 5.22. For this study, PS2-TIPS·A-N3 
was incubated in a solution of CuSO4, sodium ascorbate, and PMDETA in DMF for 24 hours and 
analyzed via SEC. In the case where the protecting group is not stable and the alkyne functionality 
is not preserved during the CuAAC reaction, cross-coupling reactions between the azides and free 
alkynes result in a change in the molecular weight distribution of the polymer, as exhibited in the 
case of α-TMS-alkyne,ω-azide functional polystyrene (Figure 5.10). However, Figure 5.22 shows 
an unchanged molecular weight distribution before and after the 24-hour incubation, indicating the 
absence of any coupling reaction. Moreover, the 1H-NMR spectra of PS2-TIPS·A-Br after ATRP 
synthesis (Figures 5.12 and 5.17) show that the relative peak area of the isopropyl group of TIPS 





approximately 21:1. From these results, it can be concluded that the TIPS protecting group was 
stable during copper catalyzed reactions under both CuAAC and ATRP reaction conditions. 
The regeneration of the acetylene functionality was brought about by the addition of TBAF 
to deprotect the TIPS group.23 Figure 5.27 shows the 1H-NMR spectra of PS1-[A]2-Br after the 
incubation of PS1-[TIPS·A]2-Br with a solution TBAF in THF for 24 hours. The complete 
disappearance of the isopropyl peak at δ=0.99 ppm from the TIPS protecting group reflects the 
complete regeneration of the acetylene functionality during the deprotection step. Moreover, 
Figure 5.23 shows that the ester linkage present in the initiator fragments as well as the triazole 
linkage to conjugate the building blocks were stable under various concentrations of TBAF.  
Therefore, the results from Figures 5.12, 5.17, 5.22, 5.23, and 5.27 demonstrate that 
Scheme 5.2, involving the combination of CuAAC and deprotection reactions, is a suitable route 
for the synthesis of polymacromers via MAHP. 
 
















Figure 5.23. Normalized SEC chromatogram of PS1·PS3-Et-Br after a 24-hour incubation in 





5.3.4. Determining the CuAAC efficiency between alkyne- and azide- 
macromonomers to form branching polymacromers 















Figure 5.24. Normalized SEC chromatogram of PS1-[TIPS·A]2-Br (solid line) prepared from the 
CuAAC of PS1-[A]-Br (dashed line) and BB-[TIPS·A]2-N3 (dotted line). 
 
To successfully assemble building blocks to form well-defined hierarchically structured 
polymers, the coupling reactions between the building blocks must be highly efficient. We have 
reported earlier that the CuAAC efficiency between linear alkyne- and azide- macromolecules was 
approximately 94% (Chapter 4). To study the CuAAC efficiency for the preparation of branching 
polymers, the coupling reactions were performed between a di-alkyne polystyrene, PS1-[A]2-Br, 
and PS3-Et-N3 at equivalent functional molecular weights, taking into account the effects of any 





As illustrated in Scheme 5.8 and demonstrated in Figure 5.24, α-di-alkyne,ω-bromo end-
functional polystyrene PS1-[A]2-Br was synthesized by first reacting alkyne end-functional 
polystyrene (PS1-A-Br) with excess branching molecule (BB-[TIPS•A]2-N3) via CuAAC, 
followed by a deprotection reaction with TBAF. For this purpose, PS1-A-Br was first incubated 
with 1.5 molar excess BB-[TIPS•A]2-N3 in a solution of CuSO4, PMDETA, and sodium ascorbate 
reducing agent in DMF. The resultant polymer was then passed through a neutral alumina column 
to remove the copper catalyst and precipitated in excess IPA to remove the unreacted branching 
molecule. The successful synthesis of PS1-[TIPS·A]2-Br was verified by (1) the 1H-NMR 
spectrum (Figure 5.25) showing the appearance of the proton from the triazole at δ=7.80ppm and 
the methine proton neighboring the triazole at δ=4.60ppm; and by (2) the SEC chromatogram in 
Figure 5.24 indicating a shift in the maximum peak retention time of the polymer from 17.02 
minutes (Mn=2.87 kg·mol-1; PDI=1.09) to 16.67 minutes (Mn=3.50 kg·mol-1; PDI=1.09). The 
absence in the SEC signal at 18.84 minutes, corresponding to the branching molecule, further 
indicates successful polymer purification. The polymer was subsequently incubated in a solution 
of TBAF (10 molar excess to TIPS-alkyne) in THF to deprotect the alkyne functionality and give 
PS1-[A]2-Br, as confirmed by the 1H-NMR spectrum in Figure 5.27 showing the complete 
disappearance of the resonance associated with the TIPS group at =0.99 ppm. Since the branching 
molecule was used in excess, the alkyne functionality of PS1-[A]2-Br was assumed to be ~100%. 














Figure 5.25. 1H-NMR (400 MHz) spectra of PS1-[TIPS·A]2-Br recorded in CDCl3 
 













Figure 5.26. Normalized SEC chromatogram of protected PS1-[TIPS·A]2-Br (dashed line) and 






























Figure 5.27. 1H-NMR (400 MHz) spectra of PS1-[A]2-Br recorded in CDCl3 
 














Figure 5.28. Normalized SEC chromatogram of PS1-[PS3]2-[Et]2-Br (solid line) prepared from 



























As demonstrated in Scheme 5.8 and Figure 5.28, the overall efficiency of the CuAAC 
reaction to form branching polymacromers was investigated by carrying out the coupling reactions 
between PS1-[A]2-Br and PS3-Et-N3 (Figure 5.30) at equivalent functional molecular weights. We 
have previously shown that the azide functionality of PS3-Et-N3 was approximately 91% (see 
Chapter 4). To perform the CuAAC reaction, 2.2 molar equivalent PS3-Et-N3 was reacted with 
PS1-[A]2-Br in a solution of CuSO4, PMDETA, and sodium ascorbate reducing agent in 
deoxygenated DMF. After 24 hours, the reaction solution was immediately frozen, thawed, and 
analyzed via SEC. Figure 5.28 shows the superimposed SEC chromatograms of the branching 
triblock polystyrene PS1-[PS3]2-[Et]2-Br after CuAAC (solid line), and the reactants PS3-Et-N3 
(dashed line) and PS1-[A]2-Br (dotted line) before CuAAC. The appearance of the SEC peak at 
16.69 minutes corresponding to the target branching polymer and the disappearance of the peaks 
at 17.00 and 16.85 minutes corresponding to PS3-Et-N3 and PS1-[A]2-Br macromonomers indicate 
successful CuAAC reaction. The 1H-NMR spectrum of the resultant polymer in Figure 5.31 shows 
the disappearance of the methine proton neighboring the alkyne and amine groups at 4.22 ppm 









Figure 5.29. 1H-NMR (400 MHz) spectra of α-Et,ω-Br-PS (PS3-Et-Br)recorded in CDCl3 
 
 















































































































































The efficiency of the CuAAC reaction was monitored by performing mathematic 
convolution modeling of the molecular weight distribution measured by SEC, as demonstrated in 
Figure 5.32. In this process, the molecular weight distributions of PS3-Et-N3 and PS1-[A]2-Br 
were first characterized by SEC, as shown in Figure 5.28. Then, applying a polynomial fit to the 
SEC calibration of polystyrene standards, the raw reactant chromatograms were first converted to 
weight distributions, and subsequently to number distributions. The distribution of the CuAAC 
products was then simulated by taking two mathematic convolutions following Equation 5.1: (1) 
a convolution between PS3-Et-N3 and PS1-[A]2-Br and (2) a convolution between the product of 
(1) and PS3-Et-N3. In Equation 5.1, N is the molar fraction of the coupled chains with degree of 
polymerization of Z and N1 and N2 are the molar fractions of the reacting polymers with chain 
length i and z-i respectively:25  
 





Finally, the mass fractions of the reactants and products were determined by minimizing 
the sum of squared errors between the simulated (solid line) and experimental SEC curves (open 
circle), as shown in Figure 5.32. The final calculated mass and molar fractions of the polymers 
after CuAAC are shown in Table 5.5. By taking the 9% non-polystyrene from the PS3-Et-N3 
sample into account, the efficiency for the synthesis of branching triblock polymacromers was 






















Figure 5.32. Experimental (open circle, plotted for every 30th data points) and simulated (solid 
line) SEC signal of PS1-[PS3]2-[Et]2-Br synthesized via CuAAC. 
 
 Table 5.5. Mass and molar fraction of polymers from the CuAAC of PS3-Et-N3 and PS1-
[A]2-Br determined via convolution modelling of SEC chromatograms 
 
Polymer Sample Mass Fraction Molar Fraction 
PS3-Et-N3 0.0017 0.00466 
PS3-Et-H 0.0595 0.161 
PS1-[A]2-Br 2.95E-05 7.04E-05 
PS1·PS3-[Et][A]-Br 0.0712 0.0903 










Scheme 5.9. Modular Assembly of ABC penta-block branching polymacromers, 









5.3.5. Modular Assembly of Branching Copolymers 
From the preliminary results, we have proven that the concept presented in Scheme 5.2 is 
an effective route for the synthesis of polymacromers of varying architecture and complexity. To 
further demonstrate this concept for MAHP, linear and branched building blocks were 
hierarchically assembled via repeated cycles of CuAAC and deprotection reactions to form ABC 
penta-block branching polymacromer consisting of linear and branched segments as outlined in 
Scheme 5.9. 
As demonstrated in Scheme 5.9A, the first step to synthesize ABC penta-block branching 
polymacromer was the preparation of di-alkyne end-functional PnBA, PnBA1-[A]2-Br, via the 
CuAAC of BB-[TIPS•A]2-N3 with PnBA1-A-Br, followed by the deprotection of TIPS-acetylene 
to free the alkyne functionality. PnBA1-A-Br and BB-[TIPS•A]2-N3 were first incubated in DMF 
in the presence of CuSO4·5H2O, PMDETA, and sodium ascorbate. After 24 hours of reaction, the 
product was passed through an alumina column to remove the copper catalyst and subsequently 
washed by ethyl acetate/water liquid-liquid extraction. The successful CuAAC reaction was 
verified by the appearance of the 1H-NMR resonance (Figures 5.34) associated with the triazole at 
δ=7.60 ppm and TIPS group at 0.99ppm; and the appearance of the 13C-NMR peaks (Figure 5.35) 
associated with the triazole at δ=144.7 and 121.8 ppm and the TIPS-alkyne at δ= 11.36, 18.80, 
85.5, and 102.5 ppm. The SEC chromatogram of the CuAAC product (Figure 5.33, solid line) 
indicates a well-defined molecular weight distribution centered at 16.71 minutes corresponding to 
Mn= 3860 g·mol-1; PDI=1.14. The minor peak at 19.1 minutes, corresponding to BB-[TIPS•A]2-
N3, suggests the presence of a small amount of unreacted branching molecule, accounting to 






















Figure 5.33. Normalized SEC chromatogram of PnBA1-[TIPS·A]2-Br (solid line) prepared from 
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The resultant PnBA1-[TIPS·A]2-Br was subsequently incubated in a solution of TBAF (10 
molar excess to TIPS-alkyne) in THF to deprotect the alkyne functionality to give PS1-[A]2-Br. 
NMR spectra in Figures 5.37 and 5.38 indicate the complete deprotection of the alkynes, as shown 
by the disappearance of the isopropyl peaks from the TIPS group at =0.99 ppm for 1H-NMR and 
δ=18.80 and 11.36 ppm for 13C-NMR. The 13C-NMR spectra further show the shift of the alkyne 
carbons from δ= 11.36 and 18.80 ppm before deprotection (Figure 5.35) to δ=79.5 and 72.4 ppm 
after deprotection (Figure 5.38), directly proving the successful regeneration of the acetylene 
functionality. The SEC chromatogram (Figure 5.36) shows that a well-defined PnBA1-[A]2-Br 
was generated from the deprotection step with Mn=3450 g·mol-1; PDI=1.15. 
 

















Figure 5.36. Normalized SEC chromatogram of protected PnBA1-[TIPS·A]2-Br (dashed line) 






















































































































































































Figure 5.39. Normalized SEC chromatogram of PnBA1·[PS2]2-[TIPS·A]2-Br (solid line) 
prepared from the CuAAC of PS2-TIPS·A-N3 (dashed line) and PnBA1-[A]2-Br (dotted line). 
 















Figure 5.40. Experimental (open circle, plotted for every 30th data points) and simulated (solid 






As the next step in preparing the branching polymacromers, PnBA1·[PS2]2-[A]2-Br was 
synthesized by reacting PS2-TIPS·A-N3 with PnBA1-[A]2-Br followed by a deprotection reaction 
to regenerate the acetylene functionality, as illustrated in Scheme 5.9B. For this purpose, PS2-
TIPS·A-N3 and PnBA1-[A]2-Br were incubated with click catalysts in DMF, and after 24 hours, 
were purified and analyzed by SEC and NMR. Figure 5.39 displays the SEC chromatogram of the 
product from the CuAAC reaction and the two reactant macromonomers. The chromatogram of 
the CuAAC product (Mn=10,700 g·mol-1; PDI=1.14) shows a major peak centered at 15.62 
minutes corresponding to the branching triblock and a minor peak at 16.68 minutes corresponding 
to the unreacted building blocks. Mathematic convolution modelling of the triblock copolymer 
was then performed using Equation 5.1 and fitted to the experimental distribution by minimizing 
the sum of squared errors between the simulated (solid line) and experimental SEC curves (open 
circle), as shown in Figure 5.40. By performing the modeling ultimately in the elution volume 
domain, we avoid the necessity of applying any universal calibration in the analysis. The 
superimposed distributions show excellent fit between the simulated and experimental signals, and 
deviate only slightly at higher molecular weights at a retention time of about 14.7 minutes. We 
have shown in Chapter 4 that the presence of this deviation was the result of radical-radical 
coupling of bromine-terminated polymers accounting to 0.7-1.5% mass/mass or 0.35-0.74% 
mol/mol of the coupled product. Finally, by accounting for the refractive index differences between 
the macromonomers, the SEC signal contributions were converted to a mass fraction and 
ultimately to a molar fraction, as shown in Table 5.6. By comparing the molar fraction of the three 
unreacted building blocks, it can be seen that incomplete functionality of the azide-terminated 
macromonomer (PS2-TIPS•A-H) proved to be the largest factor compromising the overall efficacy 





functionality during ATRP synthesis as reported earlier (Chapter 4).  The successful synthesis of 
PnBA1·[PS2]2-[TIPS·A]2-Br was further verified by 1H-NMR and 13C-NMR, as shown in Figures 
5.41 and 5.42. 
 
Table 5.6. Mass Fraction and molar fraction of polymers from the CuAAC of PS3-Et-N3 and 
PS1-[A]2-Br determined via mathematic convolution modelling of the SEC chromatogram 
 
Polymer Sample Mass Fraction Molar Fraction 
PS2-TIPS·A-N3 0.0223 0.0529 
PS2-TIPS·A-H 0.0639 0.152 
PnBA1-[A]2-Br 0.00883 0.0246 
PnBA1·PS2-[TIPS·A][A]-Br 0.0371 0.0476 
PnBA1·[PS2]2-[TIPS·A]2-Br 0.868 0.723 
 
 
The acetylene end-group of the branching triblock copolymer was regenerated for the next 
coupling reaction by removal of the TIPS protecting group using TBAF, as demonstrated in 
Scheme 5.9B. Successful deprotection was confirmed by the complete disappearance of the 
resonance associated with the TIPS protecting group in both the 1H-NMR and 13C-NMR spectra, 
in Figures 5.43 and 5.44 respectively. The deprotected alkyne tri-block branching polymacromer 
PnBA1·[PS2]2-[A]2-Br was employed for the subsequent CuAAC reaction to form the ultimate 







































































































































































































































































































Finally, the synthesis of ABC penta-block branching polymacromers, 
PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br, was carried out by performing the CuAAC reaction of 
PnBA1·[PS2]2-[A]2-Br and PtBA1-TIPS·A-N3 under the same reaction methodology as presented 
earlier. Figure 5.45 displays the SEC chromatograms of the two reactants and the product from the 
CuAAC reaction. The final SEC curve (Mn=16,700 g·mol-1; PDI=1.16) shows a main peak 
centered at 15.02 minutes, corresponding to the target penta-block polymacromer, and a broad 
minor peak centered at 16.5 minutes. As explained earlier, the appearance of the minor peak was 
mostly attributed to the presence of the non-functional polymers that did not participate in the 
CuAAC reaction. Moreover, the 1H-NMR and 13C-NMR spectra (Figures 5.46 and 5.47) show 
successful CuAAC reaction to form the ultimate product, a PnBA-PS2-PtBA2 penta-block 
branching polymacromer. 














Figure 5.45. Normalized SEC chromatogram of PnBA1·[PS2]2·[PtBA1]2-[TIPS·A]2-Br (solid 
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5.4.  Summary 
 
 Chapter 5 discusses how the new MAHP concept was employed to assemble linear and 
branched molecular building blocks to prepare hierarchically structured polymers and copolymers 
with controlled branching architecture. We first propose two synthesis routes for the assembly of 
complex hierarchically structured polymers: by employing a combination of (1) CuAAC and azide 
SN2 reactions of terminal bromide or (2) CuAAC and deprotection reactions of terminal alkyne. 
Using SEC and 1H-NMR, we first showed that under CuAAC conditions, the bromine end-
functionality of the building block was detrimentally affected by the CuAAC reaction, rendering 
the former route unsuitable for MAHP. However, SEC and 1H-NMR indicated that the latter route 
fitted all the criteria necessary for MAHP: (1) α-azido,ω-TIPS-alkyne-heterobifunctional and 
heterotrifunctional building blocks can be readily synthesized by ATRP and organic synthesis, (2) 
the TIPS protecting group was completely stable in protecting the alkynes under ATRP and 
CuAAC conditions, (3) the acetylene functionality was completely regenerated during the 
deprotection step, (4) the CuAAC reaction for the preparation of branching polymers was 
quantitative (>94%). Finally, to demonstrate this concept for MAHP, linear and branched building 
blocks were hierarchically assembled via repeated cycles of CuAAC and deprotection reactions to 
form PnBA-b-PS2-b-PtBA2 penta-block branching polymacromer, as confirmed by SEC and 1H-
NMR. Quantitative mathematic convolution indicated that incomplete functionality of the azide-
terminated macromonomer proved to be the largest factor compromising the overall efficacy of 
the CuAAC coupling reactions, and was attributed primarily to the loss of the bromine 
functionality during ATRP synthesis. Nevertheless, this limitation can be overcome by employing 
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Chapter 6. Solid Phase Synthesis of Hierarchically 
Structured Polymers 
 
6.1.  Introduction 
Because the properties of macromolecules are intimately related to their molecular 
architectures, the synthesis of polymers with unique structures has attracted significant attention 
in the past few decades. Recently, many investigators have developed new synthetic routes to 
control polymer architecture and tailor the properties of a material for a specific application. 
Examples include living polymerization1,2 and click chemistries3 which have led to the exploration 
of diverse polymer architectures, as described in Chapter 1. While much effort has been made to 
develop novel synthesis routes, in several cases the separation and purification of the desired 
polymers from unreacted monomers or byproducts proved to be the most difficult step, thereby 
limiting their potential applications in different fields. 
Chapter 5 of this dissertation discusses a new synthetic scheme for the synthesis of 
hierarchically structured polymers, in which a combination of CuAAC and deprotection reactions 
was employed to prepare branching polymer and copolymer of varying structure and complexity. 
The major problem that we encountered, and that proved to be the largest factor compromising the 
overall structure of the macromolecule, was the presence of non-functional macromonomers from 
ATRP synthesis that detrimentally impacted the fidelity of hierarchically structured polymers 
prepared by this synthetic scheme. Since these polymers are inert, they do not participate in the 





emergence of these problems thus propels the search for new routes for the purification of 
polymers. 
Solid phase peptide synthesis is a 
concept developed by Merrifield4 for the 
chemical synthesis of proteins and has 
revolutionized the study of oligopeptide 
sequences and their applications. The basis of 
solid phase peptide synthesis, shown in Figure 
6.1, is the growth of polypeptides with the 
desired sequence from the hydroxyl groups on 
the surface of polymer beads. The amino acids 
protected with an Fmoc are added sequentially 
by multiple coupling-deprotection cycles. 
Because the linkage to the substrate is an ester 
while subsequent linkages between peptides are amides, the completed oligopeptide is cleaved 
from the substrate by ester hydrolysis. The advantages of solid phase synthesis are the speed and 
simplicity of operation. Since the polypeptides are bound to a solid substrate, purification of the 
product can be achieved in one step by the removal of the substrate from the solution. Since the 
advent of the Merrifield reaction for peptide synthesis in 1963, the solid phase synthesis (SPS) 
concept has been employed in numerous applications including the synthesis of polypeptides,4,5 
polynucleotides,6,7 and oligomers.8–10  
Herein, we describe a new SPS technique for the preparation of hierarchically structured 
polymers that significantly facilitates polymer purification and separation. The new SPS method 





is based on a combination of two chemistries that have proven revolutionary in their impact: the 
solid phase Merrifield reaction and the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). SPS 
begins by attaching a surface ligand that provides an alkyne functionality (  ) on the substrate of 
interest (Figure 6.2) and that serves as the initiation site for the assembly of molecular building 
blocks. As introduced in Chapter 5, the heterofunctional building blocks have one azide and at 
least one alkyne group that is rendered inert by a protecting group (  ). Complex polymeric 
structures are created by progressive application of two-step cycles: first, a building block is added 
by CuAAC between a surface-bound alkyne group and the azide terminus of the building block; 
and second, the protecting group is removed to regenerate surface alkyne groups. Repeated cycles 
of CuAAC and deprotection reactions add building blocks to the growing polymer chain ends, 
allowing for the synthesis of complex hierarchically structured polymers. Moreover, since the 
polymer chain is covalently bound to the solid substrate, large excess of building blocks can be 
added to the CuAAC reaction to significantly improve the CuAAC efficiency. Excess reactants 
and by-products (i.e. non-functional building blocks) can be separated from the product via 
removal of the solid substrate in one step. In this study, we introduce the molecular building blocks 
for SPS, examine the stability of the building blocks under CuAAC and deprotection reaction 
conditions, and outline the SPS procedure for the synthesis of well-defined and hierarchically 







Figure 6.2. Solid phase modular assembly of hierarchically structured polymers: adding a linear 

















6.2.  Experimental Section 
 
Materials 
The styrene monomer was purchased from Sigma-Aldrich and passed through an activated 
basic aluminum oxide column prior to ATRP to remove the inhibitor. The following were 
purchased from Sigma Aldrich and used as received: α-bromoisobutyryl bromide (98%), propargyl 
2-bromoisobutyrate (PgBiB, ≥97%), copper(I) bromide (CuBr, 99.999%), sodium azide (NaN3, 
≥99.5%), copper(II) sulfate pentahydrate (CuSO4·5H2O, 99.999%), 4,4'-Dinonyl-2,2'-bipyridine 
(dNbpy, 97%), N,N,N′,N′,N′′ pentamethyldiethylenetriamine (PMDETA, 99%), (+)-Sodium L-
ascorbate (Na-Asc., ≥98%), potassium carbonate (K2CO3, 99.995%), tetrabutylammonium 
fluoride solution (TBAF, 1.0M in THF), triethylamine (Et3N, ≥99.5%), iron(II) chloride (FeCl2, 
98%), iron(III) chloride (FeCl3, 97%), iron(III) nitrate nonahydrate (Fe(NO3)3, >99.999%), 
ammonium hydroxide (>99.999%), hydrochloric acid (36.5-38.0%), nitric acid (>99.5%), N,N-
dimethylformamide (DMF, 99.8%), toluene (Anhydrous, 99.8%), and deuterated chloroform 
(CDCl3, 99.96% Deuterated, 0.03 % (v/v) TMS). Tetrahydrofuran (THF, 99.9%), acetone (≥99.8%, 
extra dry), and methanol (≥99.8%) were purchased from Fisher Scientific. 11-
bromoundecyltrichlorosilane (BUTS, 95%), 11-Bromoundecyltrimethoxysilane (BUTMS, 95%), 
o-(propargyl)-n-(triethoxysilylpropyl) carbamate (OTPC, 90%), and (triethoxysilylpropyl) 








The polymer’s molecular weight distributions were measured using a Shimadzu LC-10AT 
size exclusion chromatography (SEC) system equipped with an Agilent guard column, three 
Agilent SEC columns and Shimadzu ultraviolet light (254 nm) and refractive index (RID) 
detectors. THF was used as the mobile phase with a flow rate of 1mL·min-1. The columns were 
maintained at 40˚C inside a Shimadzu column oven and calibrated with polystyrene standards 
(Agilent, Mp=162-483,400 g·mol-1). Proton nuclear magnetic resonance (1H-NMR) spectra were 
recorded on a Bruker 400MHz instrument using CDCl3 as solvent with chemical shifts expressed 
relative to the tetramethylsilane standard at =0.00ppm. Transmission Fourier Transform Infrared 
Spectroscopy (FTIR) was performed with a Nicolet 560 instrument equipped with a KBr 
beamsplitter and a MCT/A detector (broad range of 4000-650 cm-1, liquid nitrogen cooled), at a 
resolution of 4 cm-1 and an aperture of 100. TGA was carried out using a Mettler-Toledo 
(TGA/SDTA 851e) thermogravimetric analyzer. Roughly 30 mg of the sample was placed into a 
ceramic crucible, thermally stabilized in nitrogen atmosphere at 150ºC for 20 minutes, then heated 
to 850ºC at 5ºC per minutes and held at this temperature for 20 minutes. The specific surface area 
of the nanoparticles was measured using the Brunauer-Emmet-Teller (BET) method. Experiments 
were carried out using NOVA 1200 BET analyzer (Quantachrome Instruments) by nitrogen 








Iron Oxide Nanoparticle Synthesis 
Magnetite nanoparticles were synthesized by the Massart Process11 through the co-
precipitation of FeCl2 and FeCl3 aqueous salt solutions by the addition of a base (alkaline sol), 
following the procedure published by Koberstein and coworkers.12 The Massart process is a sol-
gel process that allows the synthesis of very small nanoparticles in the range of 3-20nm with 
narrow size distribution. Magnetite nanoparticles were then oxidized by the addition of nitric acid 
and iron(III) nitrate nonahydrate oxidizing agents, resulting in the formation of maghemite 
nanoparticles (Fe2O3).13 
Iron(III) chloride hexahydrate (10.87g, 39 mmol) and deionized water (435 mL) were first 
added to a two-neck round bottom flask (500mL) that was purged with nitrogen gas and equipped 
with an overhead mechanical agitator. To ensure that the salts were completely dissolved, the flask 
was ultrasonicated while stirred at 500rpm using a mechanical stirrer. A solution of iron(II) 
chloride tetrahydrate (3.92 g, 19.5 mmol), previously dissolved in 25 mL HCl (1.5 M), was added 
while stirring at 850RPM. 45 mL ammonia was subsequently added into the flask, instantly 
resulting in the formation of a black precipitate. The reaction medium was left stirring under 
nitrogen atmosphere for 15 minutes, and left to sit on a magnetic plate additionally for 20-30 
minutes. Once the precipitate settled, the majority of the supernatant was removed via aspiration. 
A solution of 70mL nitric acid (2M) was then added and the reaction vessel was sonicated for 2-3 
minutes. The supernatant was subsequently decanted and a solution of iron(III) nitrate nonahydrate 
(75mL, 0.33 M), preheated to 100°C, was added. The solution was stirred for 30 minutes. The 
solvent was removed via centrifugation and the nanoparticles washed with acetone (3x). Finally, 







Figure 6.3. TEM image of maghemite nanoparticles synthesized via the Massart Process 
  
Silanization of Iron Oxide Nanoparticles with OPTC 
 The silanization of maghemite nanoparticles with OPTC silane was adopted from the 
literature.12,14 The general procedure is as follows: bare iron oxide nanoparticles (1g) and 
anhydrous toluene (40mL) were first placed in a nitrogen-purged 100mL round bottom flask 
capped with a rubber septum. The flask was ultrasonicated for 60 minutes to ensure that the 
nanoparticles were completely dispersed. 0.5mL OPTC was then added via a nitrogen purged 
needle and the solution was continuously ultrasonicated at 80ºC for 15 hours. 
 Afterwards, the OPTC-functionalized iron oxide nanoparticles were centrifuged at 3000 
RPM for 5 minutes. The supernatant was removed, and the nanoparticles were washed 5x with 
toluene and 2x with hexane via washing-centrifugation cycles. Finally, the sample was dried in a 





CuAAC reaction of Azide Terminating Polystyrene with Alkyne Functionalized Iron Oxide 
Nanoparticles 
Alkyne functionalized iron oxide nanoparticles (600mg), α-TIPS-alkyne,ω-azido 
functional polystyrene (430mg, 0.11mmol), and anhydrous DMF (30mL) were placed in a 100mL 
round bottom flask capped with a rubber septum and purged with nitrogen for 30 minutes. 
0.1305mmol CuSO4·5H2O, 0.1305mmol PMDETA, and 0.522mmol Sodium Ascorbate (in 300µL 
DI) were subsequently added via a nitrogen purged syringe and the reaction vessel was sonicated 
for 24 hours. The nanoparticles were then washed with 9:17:24 DMF:toluene:hexane, 3:2 
toluene:hexane (2x), THF (2x), PMDETA solution (0.1M in DI water), deionized water (2x), and 









Testing the Stability of Silane under CuAAC Reaction Conditions 
CuAAC reaction conditions using CuSO4·5H2O, PMDETA, and Sodium Ascorbate: 
100mg alkyne functionalized iron oxide nanoparticles and anhydrous DMF (3mL) were 
placed in a 25mL round bottom flask capped with a rubber septum and purged with nitrogen for 
30 minutes. 0.0251mmol CuSO4·5H2O, 0.0251mmol PMDETA, and 0.1mmol sodium ascorbate 
(in 100µL DI) were subsequently added via a nitrogen purged syringe and the reaction vessel was 
sonicated for 20 hours. The nanoparticles were then washed with toluene (3x), THF (2x), 
PMDETA solution (0.1M in DI water), deionized water (2x), and again with THF (2x). The sample 
was dried overnight in a vacuum oven in preparation for analysis by TGA. 
 
CuAAC reaction conditions using CuBr and PMDETA: 
100mg alkyne functionalized iron oxide nanoparticles, 3mL anhydrous DMF, 6μL 
PMDETA, and 200μL triethylamine were placed in a 50mL Schlenk flask and deoxygenated by 
three cycles of freeze-pump-thaw. Finally, nitrogen was charged into the flask and CuBr (6mg) 
was immediately added. The flask was then placed in an ultrasonic bath and sonicated for 20 hours. 
The flask was then removed from the sonicator, and the nanoparticle was then washed with toluene 
(3x), THF (2x), PMDETA solution (0.1M in DI water), deionized water (2x), and again with THF 







Testing the Stability of Silane under Deprotection Reaction Conditions 
TBAF deprotection: 
100mg alkyne functionalized iron oxide nanoparticles and 10mL THF were added to a 
50mL round bottom flask capped with a rubber septum and purged with nitrogen. The round 
bottom flask was ultrasonicated for 60 minutes. 0mL, 0.266mL, or 0.655mL 1M TBAF in THF 
was added via a nitrogen purged syringe and the flask was ultrasonicated continuously for 24 hours. 
The flask was then removed from the sonicator, and the nanoparticles were washed with THF (4x) 
and dried overnight in a vacuum oven in preparation for analysis by TGA. 
 
K2CO3 deprotection: 
100mg alkyne functionalized iron oxide nanoparticles, 50mg K2CO3, and 4mL DMF were 
added to a 50mL round bottom flask capped with a rubber septum and purged with nitrogen. The 
round bottom flask was then ultrasonicated continuously for 15 hours. The flask was then removed 
from the sonicator, and the nanoparticles were washed with water (3x) and methanol (2x) via 
washing-centrifugation cycles. The particles were dried overnight in a vacuum oven in preparation 











6.3.  Results and Discussion 
6.3.1. Self-Assembled Monolayer (SAM) 
The initial step for the Solid Phase Synthesis (SPS) of polymacromers is the 
functionalization of the solid substrate with surface alkyne groups, which serve as the initiation 
sites for the growth of the complex polymers.  The controlled functionalization of solid supports 
with surface alkyne groups can be achieved by using different alkyne functionalized reactive sticky 
feet such as phosphonate esters15, thiols16, and silanes12 that form a self-assembled monolayer 
(SAM).17 In particular, click functionalized ethoxysilanes or chlorosilanes, as shown in Figure 6.4, 
have proven very effective for the controlled functionalization of metal-oxide or silica surfaces. 
Their structures are simple: they have one alkyne group on one end, and a sticky foot (SF in Figure 
6.5) on the other end, the latter selected to stick to a particular substrate of interest. Moreover, 
methods to control the surface areal density of alkyne functional groups on surfaces12 have also 
been developed by Maidenberg et. al. using mixtures of functional and non-functional silane, as 
shown in Figure 6.5. These functional groups have been shown to be randomly distributed both on 















Figure 6.5. Surfaced functionalization of solid substrate with (a) surface alkyne groups, and (b) 
mixtures of alkynes and non-functional alkanes SAMs. 
 
6.3.2. Addressing the requirements for SPS 
As illustrated in Figure 6.2, the synthesis of complex polymers via SPS involves repeated 
cycles of CuAAC and deprotection reactions. In Chapter 5, we thoroughly investigated the 
requirements for the synthesis of hierarchically structured polymers via solution supported 
synthesis and showed that the TIPS protection group and the polymer linkers between the building 
blocks (i.e. triazole and ester or amide linkages) were completely stable under both CuAAC and 
deprotection reactions. In order to extend the molecular toolkit to include solid substrates, the 
stability of the self-assembled monolayers (SAMs) and degradable linkers during both CuAAC 







6.3.3. Stability of OPTC silane under CuAAC and deprotection reaction conditions 
 
 
Figure 6.6. O-(propargyl)-N-(triethoxysilylpropyl)carbamate (OPTC) SAMs.  
 
The overall structure of the O-(propargyl)-N-(triethoxysilylpropyl)carbamate (OPTC) 
SAMs tethered onto a solid substrate is demonstrated in Figure 6.6. The two important functional 
groups that are prone to degradation are shown: R–Si-O-metal group (in blue) which links the 
molecule/macromolecule with the solid substrate and the carbamate group (in red). In previous 
reports, Dach et. al. employed the OPTC-functionalized glass or silicon wafer substrates for the 
synthesis of copolymacromers via CuAAC (CuSO4/Na-Ascorbate) and TMS deprotection (K2CO3) 
reactions without any reports of silane degradation.8,18 In Figure 6.7, however, we demonstrated 
that the OPTC-functionalized iron oxide nanoparticles were actually unstable under the K2CO3 







Figure 6.7. TGA plot of bare iron oxide nanoparticles (black) and alkyne-functionalized iron 
oxide nanoparticles before (red) and after (blue) a 15-hour incubation in a solution of K2CO3 
(50 molar equiv. to OPTC) in DMF. 
 
For this purpose, iron oxide nanoparticles were first synthesized via the Massart Process 
through the co-precipitation of FeCl2 and FeCl3 aqueous salt solutions, by the addition of a base 
(alkaline sol) to give maghemite nanoparticles (D=12-15nm) with a BET surface area of 107.6 
m2/g.12 The TGA of bare iron oxide nanoparticle is shown in Figure 6.7 (black curve), indicating 
a small weight drop of approximately 2-3% most likely attributed to the dehydration of iron oxide 
surfaces that occurs between 165˚C and 800˚C as reported by Michael Hair.19 The nanoparticles 
were then incubated in a solution of OPTC in anhydrous toluene for 24 hours to yield alkyne-
functionalized iron oxide nanoparticles. Figure 6.7 shows the TGA curve after the silanization 























 (Equation 6.1) 
Where: 
MT = mass of nanoparticles with organic layer (g) 
MNP = mass of nanoparticles (g) 
Ms = molar mass of the organic portion of the silane (g/mol)  
S = surface area of nanoparticles (g/nm2). 
 
The alkyne-functionalized iron oxide nanoparticles were subsequently incubated in a 
solution of K2CO3 (50 molar excess to alkyne) in DMF for 15 hours and analyzed again by TGA. 
Comparison of the TGA curves before (red) and after (blue) the incubation in K2CO3 shows a 
major reduction in the silane loading density from 3.01 groups/nm2 to 0.98 groups/nm2, indicating 
degradation of the silane. One possible reason for the contradiction of the results in this study with 
previous findings8,18 can be attributed to the differences in adhesive strength of the silane when 
tethered onto iron oxide vs. silica substrates. As displayed in Figure 6.8, the strong siloxane bonds 
formed from the silanization of silica or glass8,18 would decrease the susceptibility of the silane to 
hydrolysis induced by K2CO3, a strong base. In contrast, the weaker Si-O-Fe bonds formed from 








Figure 6.8. Stability of Silane on different Inorganic Substrates22 
 
 
 The stability of the silane under TBAF deprotection reactions was investigated by 
performing TGA on the OPTC-tethered nanoparticles before and after the incubation with TBAF, 
as shown in Figure 6.9. For this study, alkyne-functionalized iron oxide nanoparticles were first 
immersed in a solution of TBAF (0M, 0.0266M, and 0.0665M corresponding to 0, 20, and 50 
molar equiv. to OPTC) for 24 hours and then dried in a vacuum oven after four washing-
centrifugation cycles with THF. Figure 6.9 shows the TGA plots before and after the incubation 
with 0.0665M TBAF. In all three cases, the two TGA plots superimposed perfectly, showing 
identical silane loading and indicating the absence of silane degradation. Therefore, results from 
Figure 6.9 demonstrate that the OPTC silane tethered onto iron oxide nanoparticle is completely 
stable under various TBAF concentrations, and thus is suitable in combination with TIPS/TBAF 





























Figure 6.9. TGA plot of bare iron oxide nanoparticles (black) and alkyne functionalized iron 
oxide nanoparticles before (red) and after (blue) a 24-hour incubation in a solution of TBAF 
(0.0665M, 50 molar equiv. to OPTC) in THF. 
 
 
Figure 6.10. TGA plot of bare iron oxide nanoparticle (black) and alkyne functionalized iron 
oxide nanoparticles before (red) and after (blue) a 20-hour incubation in a solution of 





























The stability of the silane under CuAAC reaction conditions was investigated via TGA as 
shown in Figure 6.10. For this study, the alkyne-functionalized iron oxide nanoparticles were 
incubated in a solution of CuSO4·5H2O catalyst, PMDETA ligand, and sodium ascorbate reducing 
agent in DMF for 20 hours and analyzed via TGA. Since the azide building blocks were not present 
in the solution, the TGA curve should remain identical if the silane is stable. Figure 6.10 plots the 
TGA curves before and after incubation in the click catalyst. Initially, the two TGA curves behave 
identically. Only at higher temperatures (>650˚C) does a deviation occur, and result in a weight 
drop of approximately 1-2%. The most likely cause for the weight drop can be attributed to the 
degradation of sulfates (from copper sulfate) which form strong covalent bonds with maghemite 
(i.e. Fe2(SO4)3). Margee and Mitchell23 reported that the degradation of the SOx-metal oxide bonds 
generally occurs between 600-700˚C, corresponding directly with the weight drop observed in 
Figure 6.6. To confirm this hypothesis, a TGA of pure OPTC silane was performed, indicating that 
the majority of the weight loss occurred below 400˚C. It can be concluded that the weight drop 
occurring at ~650˚C in Figure 6.10 was not a result of silane degradation but of sulfate degradation. 
In summary, the results in Figures 6.7-6.10 demonstrate that the OPTC silane is completely 
stable under the CuAAC and TIPS deprotection reaction conditions present in this study, and thus 






6.3.4. Stability of the degradable linkers during deprotection reaction conditions 
In the applications related to surface modification there is no need to cleave the resultant 
polymer. For applications where it is desirable to isolate the complex polymers, the polymers can 
be cleaved from the surface by ester hydrolysis of the silane, similar to the Merrifield reaction. 
Because the ester linkage is present in the silane while subsequent linkages between 
macromolecules are triazole and amides (since the heterobifunctional and heterotrifunctional 
building blocks were synthesized by amidation reactions), the polymer structure and integrity 
should remain intact after degradation.  
In the case where the controlled release of the polymer is desired or a milder de-grafting 
mechanism is necessary, acid-, photo-, and thermo- heterobifunctional degradable linkers can be 
incorporated directly adjacent to the alkyne-functionalized surface substrate as the first building 
block, as shown in Figure 6.11. The cleavage of the linker by an external stimulus removes the 
entire complex polymer from the substrate. These molecular linkers were successfully prepared 
by Samanta et al. (not published). Results from the stability studies of the degradable linkers are 
presented in Table 6.1. When the thermo- and photo- degradable linkers were incubated in K2CO3, 
the 1H-NMR spectra showed significant cleavage of the ester linkage. However, when the labile 
units were incubated in a solution of TBAF, the 1H-NMR spectra indicated that all three of the 
molecules were completely stable, rendering them suitable as molecular building blocks for the 







Figure 6.11. Heterobifunctional degradable building blocks (from top structure: acid-, photo-, 
and thermo- degradable) 
 
Table 6.1. Stability of different degradable linkers under deprotection reaction conditions 
 




Ester Cleaves Yes 
 






6.4.  Summary 
A major problem discussed in Chapters 4 and 5, and that proved to be the largest factor 
compromising the overall structures of the macromolecules prepared via MAHP, was the presence 
of non-functional macromonomers from ATRP synthesis that detrimentally impacted the fidelity 
of hierarchically structured polymers prepared by this synthetic scheme. To address these issues, 
we introduced a new set of molecular building blocks—a self-assembled monolayer (SAMs) and 
a heterobifunctional degradable linker— that allows the growth and subsequent detachment of 
polymacromers from the solid substrate. Since the polymer chains are bound to a solid substrate, 
purification of the product can be achieved in one step by the removal of the substrate from the 
solution. For applications where it is desirable to isolate the complex polymers, acid-, photo-, and 
thermo- heterobifunctional degradable linkers, can be incorporated directly adjacent to the alkyne-
functionalized surface substrate as the first building block. The macromolecules can be degrafted 
from the substrate by employing an external stimulus (acid, UV, and heat) to cleave the labile unit. 
We successfully confirm the stability of these building blocks under CuAAC and TIPS 
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Chapter 7. Temperature Responsive, Acid 
Degradable, and Main-Chain Functional Polyacetal 
 
7.1.  Introduction 
The unique structural sequencing and 
architecture inherent in biopolymers give rise to 
remarkable properties which synthetic polymer 
scientists have long striven to mimic. A particular 
property of biopolymers is their highly cooperative 
interacts that can provide significant driving forces 
for the response to environmental stimuli.1 
Recently, there has been significant interest in 
designing synthetic polymers with controlled 
responses to small environmental changes.2 Among 
them are temperature responsive polymers (TRPs) 
that undergo a drastic and discontinuous change in some physical property with a minute change 
in temperature. A variety of polymeric materials have been identified as temperature responsive, 
listed in Table 5.1.3 TRP has been developed for a broad field of applications3–11 including  liquid 
chromatography,12 hydrophobic-hydrophilic surface modification,13,14 thermally switchable 
optical devices,15 molecular imprinting;16 and in particular, biomedical applications such as gene 
therapy,17,18 tissue scaffolds,19 bioseparations,20,21 and components in drug delivery systems.22,23  
Table 7.1. Examples of polymers and 






More recently, Samanta and Koberstein24 developed a new family of dual responsive 
polymers based on a set of simple polyacetals that are both temperature responsive, showing 
reversible lower critical solution temperature (LCST),17 and pH-sensitive, degrading in acidic 
environments. A general synthesis and degradation scheme of polyacetals is shown in Figure 7.1. 
The polyacetal was prepared by an acid-catalyzed step-growth polymerization (Figure 7.1A) 
between divinyl ether and diol monomers to generate acid-degradable acetal linkages (shown in 
red).25 A typical phase transition of the polymer solution is demonstrated by the UV transmittance 
in Figure 7.2 indicating a sharp LCST transition and the absence of any hysteresis in the heating 
and cooling behavior. Moreover, the cloud point temperature (CPT) can be readily tuned through 
the hydrophilic/hydrophobic balance in the monomer. As demonstrated in Figures 7.3 and 7.4, a 
unit increase in the hydrophilic ethylene oxide of the diol (e.g. from m2=1 to m2=2 of the structures 
in Figure 7.1) increased the CPT linearly by 12.3ºC; a unit increase in the hydrophilic ethylene 
oxide group of the divinyl ether (e.g. from m1=1 to m1=2) raised the CPT linearly by 11.4ºC; and 
a unit increase in the hydrophobic methylene of the diol decreased the CPT linearly by 15.6ºC. As 
shown in Figure 7.5, the polyacetals were relatively stable at neutral pH but degraded rapidly under 
acidic conditions. Preliminary biocompatibility tests also showed that these polymers were non-



























Figure 7.2. UV transmittance of water 
soluble polyacetal (m2=2) vs. increasing 
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Figure 7.1.A) A general synthesis scheme of 
vinyl ether and hydroxyl end-functional 
polyacetal. B) Acid degradation products. 
 
 
Figure 7.3. LCST vs. average number of ethylene oxide units in diol monomer (n1=4, m1=0, n2=2). 
























Figure 7.4. LCST vs. average number of methylene group in divinyl ether monomer (m2=0). 
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Figure 7.5. Number average molecular weights of polyacetal vs. duration of incubation in 
buffer with various pH 
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In the previous chapters, we discussed a new synthetic scheme for the modular assembly 
of molecular building blocks that can be clicked together like Tinkertoys to prepare precise yet 
complex synthetic polymers, both linear and branched. The building blocks employed for the 
preparation of these complex polymers were heterofunctional in nature, and could be assembled 
via end-coupling reactions of the terminal azide and alkyne. In Chapter 7 of this study, we 
introduce a new type of molecular building block consisting of temperature-responsive and acid-
degradable polyacetals containing internal alkyne or alkene functionalities. The new main-chain 
functional polyacetals exhibited remarkable LCST behavior as the CPTs could be directly 
predicted from the hydrophobic/hydrophilic balance of the monomers and tuned precisely to any 
temperatures from 7-84ºC. With the incorporation of internal alkyne or alkene functionalities in 
polyacetal structures, any azide or thiol functional compounds (e.g. therapeutic agents) could be 
grafted onto the backbone of the polymer by click chemistry.26 We further showed that these 
polyacetals were relatively stable at neutral pH but degraded rapidly under acidic conditions, 
simultaneously releasing the grafted molecules. Moreover, as shown in Figure 7.6, these polyacetal 
macromonomers could be end-functionalized with alkyne or azide moieties and readily end-
coupled with branching polymacromers, enabling the preparation of novel hybrid functional 
materials that can readily respond to different environmental stimuli.  
 
Figure 7.6. Polyacetal with click-functionality synthesized via step-growth polymerization of 
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7.2.  Experimental Section 
 
Materials 
The following chemicals were purchased from Sigma Aldrich and used as received: 
tetraethylene glycol (99%), tri(ethylene glycol) divinyl ether (98%), pyridinium p-
toluenesulfonate (PPTS, 98%), 1,4-butynediol (99%), cis-2-butene-1,4-diol (97%), 
Chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (Cp*RuCl(COD)), benzyl 
mercaptan (99%), 2-Phenylethanol (≥99%), di(ethylene glycol) vinyl ether (98%), p-
toluenesulfonyl chloride (99%), potassium carbonate (K2CO3, 99.995%), sodium sulfate (≥99%), 
sodium azide (99%), tetrahydrofuran (THF, anhydrous, ≥99.9%), diethyl ether (≥99%), ethyl 
acetate (≥99.5%), N,N-dimethylformamide (DMF, 99.8%), dichloromethane (DCM, anhydrous, 
99%), and deuterated chloroform (CDCl3, 99.96% deuterated, 0.03 % (v/v) TMS). Tetrahydrofuran 
(HPLC grade, 99.9%) and hexane (≥98.5 %), were purchased from Fisher Scientific. Benzyl azide 
(94%) was purchased from Alfa Aesar.  
 
Instrumentation 
The Cloud Point Temperatures (CPT) of the polymer solutions (5 g·L-1 polymer in 0.1 mM 
phosphate buffer solution, pH 7.4) associated with the thermally induced LCST phase transition 
were determined by turbidity measurements (transmittance mode, 500 nm) as a function of 
temperature (cell path length, 10 mm; one heating/ cooling cycle at rate of 1 °C·min-1) using a UV-
Vis spectrometer (Agilent 8453) equipped with a temperature controller (Quantum Northwest, 
TC1). The CPT were taken at the midpoint in the transmittance versus temperature curve obtained 





The Molecular weight distributions of the polymers were measured using a Shimadzu LC-
10AT Size Exclusion Chromatography (SEC) system equipped with an Agilent guard column and 
three SEC columns; Shimadzu ultraviolet light (254 nm) and refractive index (RID) detectors; and 
a Wyatt static light scattering detector. The columns were maintained at 40˚C in a Shimadzu 
column oven and calibrated using Agilent polystyrene standards in the range of Mp=162-483,400 
g/mol. THF was used as the mobile phase with the flow rate maintained at 1mL/min. 
The purities and compositions of the polymers were verified by proton nuclear magnetic 
resonance (1H-NMR) recorded on a Bruker 400MHz spectrometer in CDCl3 with chemical shifts 
expressed relative to the tetramethylsilane standard at =0.00. 
 
Polyacetal Synthesis 
All polymerization reactions were carried out on a 10 mmol (1 molar equiv.) scale. The 
general polyacetal synthesis procedure is as follows: tri(ethylene glycol) divinyl ether (1.05 molar 
equiv.) and a mixture of tetraethylene glycol and functional diols (1.00 molar equiv. total) were 
added into a scintillation vial equipped with a magnetic stirrer and placed in an ice bath. Anhydrous 
THF (1-2 mL) and PPTS catalyst (0.05 equivalent) were added, and after 45 minutes of stirring at 
0˚C, the temperature was raised to room temperature. After 3 hours, the solvent was removed under 
reduced pressure, and the resultant polymer was extracted with ethyl acetate (40 mL). The 
polymers were washed with a dilute aqueous solution of potassium carbonate (3x) and then a 
saturated solution of sodium chloride (1x). The organic layer was dried over anhydrous sodium 
sulfate and passed through a short basic alumina column. Finally, the solvent was removed by 





Procedure for the Ruthenium-catalyzed azide-alkyne cycloaddition (RuAAC) reaction 
between internal alkyne polyacetal and benzyl azide 
60% internal alkyne polyacetal (4OH3V) (210.0mg, 0.014mmol polymer, 0.36mmol 
alkyne), benzyl azide (42.5mg, 0.3mmol), 100µL triethylamine, and 2.5mL THF were added to a 
Schlenk flask equipped with a magnetic stir bar and deoxygenated by four cycles of freeze-pump-
thaw. The flash was backfilled with nitrogen, and 20mg Cp*RuCl(COD) (20mg, 0.0714mmol) was 
immediately added. The solution was thawed, and subjected to one additional freeze-pump-thaw 
cycle. The flask was backfilled with nitrogen and placed on a stir plate at room temperature. After 
24 hours of continuous stirring, the reaction solution was filtered and the polymer precipitated 
dropwise in hexane (5x). The product was dried under reduced pressure and finally analyzed by 
SEC and NMR. 
 
Procedure for the thiol-ene click reaction between internal alkene polyacetal and benzyl 
mercaptan 
80% internal alkene polyacetal system (4OH3V) (200.0mg, 0.0133mmol polymer, 
0.426mmol alkene), benzyl mercaptan (80mg, 0.64mmol), and 3.0mL THF were added to a 
Schlenk flask equipped with a magnetic stir bar and deoxygenated by four cycles of freeze-pump-
thaw. The flash was backfilled with nitrogen and placed on a stir plate under a DBA Analytic Jena 
Multiple Ray UV Lamp (λ=254nm) at room temperature. After 14 hours of UV irradiation, the 
reaction solution was filtered and the polymer precipitated dropwise in hexane (5x). The product 







Degradation Studies of internal alkyne and alkene polyacetals 
Internal alkyne (60%) or alkene (80%) polyacetal (4OH3V) was placed into a 20mL 
scintillation vial equipped with a magnetic stir bar. Cold phosphate buffer solution (0.1 M of pH 
7.4, pH 6.5, pH 5 and pH 3) was added, resulting in the final polymer concentration of 5 g·L-1. 
The vials were immediately placed in an ultrasonicator to allow the polymer to rapidly dissolve, 
and then placed in an oil bath thermostated to 37 °C. 2.5 mL of each reaction sample was collected 
at different timed intervals and excess Et3N was immediately added to the sample to quench the 
degradation. The mixture was extracted with EtOAc and washed with dilute aqueous solutions of 
K2CO3. The organic layer was dried over sodium sulfate and the solvent was removed by rotary 
evaporation. The sample was dissolved in THF, filtered, and the product finally analyzed by SEC. 
 
Synthesis of 2-(2-(vinyloxy)ethoxy)ethyl tosylate 
The synthesis of 2-(2-(vinyloxy)ethoxy)ethyl 
tosylate was modified from that reported in the literature.27 Di(ethylene glycol) vinyl ether (8.09 
g, 60 mmol) and dichloromethane (100 mL) were added to a round bottom flask equipped with a 
magnetic stir bar and capped with a rubber septum. Triethylamine (17 mL, 120 mmol) and p-
toluenesulfonyl chloride (13.87 g, 72 mmol) were added and the solution was stirred for 18 hours 
at room temperature. Afterwards, excess OTS salt was removed via vacuum filtration and the 
solvents were removed by rotary evaporation. The crude product was extracted with DCM and 
washed (3x) with brine. The product was dried over anhydrous sodium sulfate, concentrated under 
reduced pressure, and dried in vacuo for 24 hours. The product was purified by column 





changed from pure hexane to 40:60 ethyl acetale/n-hexane to give 2-(2-(vinyloxy)ethoxy)ethyl 
tosylate (82.6% w/w). 
  
Synthesis of (2-Azidoethoxy)ethyl vinyl ether 
Sodium azide (7.8 g, 120 
mmol), 2-(2-(vinyloxy)ethoxy)ethyl 
tosylate (3.44 g, 12 mmol), and DMF (20 mL) were added to a round bottom flask equipped with 
a magnetic stir bar and capped with a rubber septum. The solution was stirred continuously at 60ºC 
for 18 hours. Afterward, the salts were removed via filtration, and the product was slowly 
concentrated by rotary evaporation. The product was dissolved in diethyl ether and washed 3x with 
ice-cold deionized water and 3x with sodium hydroxide (20mg/mL) in a saturated solution of 
sodium chloride. Finally, the product was dried over anhydrous sodium sulfate and the solvent was 







Synthesis of (2-(1-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)benzene 
2-(2-(vinyloxy)ethoxy)ethyl tosylate (0.454 g, 3 mmol) and 2-phenylethanol (0.346 g, 2.8 
mmol) were added to a scintillation vial equipped with a stir bar and capped with a rubber septum. 
PPTS (0.05 equiv.) in anhydrous THF (2 mL) was added and the solution was stirred under N2 
atmosphere at room temperature for 4 hours. Afterwards, the product was extracted using liquid-
liquid extraction with EtOAc (35 mL) and washed three times with a dilute aqueous solution of 
potassium carbonate (5mL). At the end of each cycle, excess sodium chloride was added to saturate 
the solution. The product was dried over anhydrous sodium sulfate and the solvent was removed 









7.3.  Results and Discussion 




Scheme 7.1. General schematic diagram for the synthesis of main chain functional polyacetal 
system where F = internal alkyne or alkene 
 
 The general schematic diagram for the synthesis and degradation of main-chain functional 
polyacetal is demonstrated in Scheme 7.1. For this reaction, divinyl ether and diol monomers were 
added to a solution of pyridinium p-toluene sulfonate (PPTS) catalyst in THF for 3.5 hours to 
produce a polymer that is linked by pH degradable acetal. In this study, the ratio of divinyl ether 
to diol monomers was kept constant at 1.05:1. The theoretical degree of polymerization could thus 
be calculated using the Carother’s Equation to be 41 repeating units. Functional diols (1,4-
butynediol or cis-2-butene-1,4-diol) were added in mixtures along with non-functional diols to (1) 
provide functional sites for conjugation with click functional compounds, and (2) tune the 

























Figure 7.7. UV transmission measurements of the CPT for 60% alkyne polyacetal (4OH3V). The 
CPT was determined to be at 37.5°C. The closed circle (dashed line) were obtained upon heating 
while the open circles (dotted line) were obtained upon cooling. 
 
 
The LCST transition of aqueous polyacetal solutions was determined by analyzing UV 
transmittance (λ = 500 nm) as a function of the temperature of the solution, as demonstrated in 
Figure 7.7. The aqueous polyacetal solutions were found to be clear at low temperatures, but 
became cloudy once a specific critical temperature was reached (i.e. the CPT), due to the polymer 
dropping out of the solution upon heating. Figure 7.7 shows that the solubility transition of the 
main-chain functional polymer was relatively sharp, occurring in a range of 4-5°C, while 
superimposition of heating and cooling cycles demonstrated little to no visible hysteresis.  
Earlier reports by Samanta and Koberstein24 indicated that the CPTs of the base polyacetal 
could be tuned by adjusting the hydrophilic/hydrophobic balance between monomers in the system. 
Since both monomers themselves were amphiphilic, the balance could be adjusted within each 





different monomers (e.g. by adjusting between n1 and m1). For this study, since a third monomer 
component, a functional diol, was introduced in polyacetal synthesis, the hydrophobic/hydrophilic 
balance was alternatively adjusted by changing the ratios of hydrophilic non-functional diol to 
hydrophobic functional diol while maintaining the same divinyl ether group. For the purpose of 
this study, only tetraethylene glycol and tri(ethylene glycol) divinyl ether were chosen as the base 
monomers (4OH3V). In the absence of any functional diols, the base polymer exhibited a CPT of 
85°C. 
As demonstrated in Figures 7.8 and 7.9, the CPT of the polymer was tuned by changing 
the ratios of 1,4-butyne diol to tetraethylene glycol used for polymer synthesis. When only 
hydrophilic tetraethylene glycol was used (% tetraethylene glycol of 100%), the polyacetal 
exhibited a CPT of 85°C. When only pure hydrophobic 1,4-butyne was added (% tetraethylene 
glycol of 0%), the polymer’s CPT was determined to be 7.5°C. When mixtures of the diols were 
used, the CPT showed a linear dependence on the ratio of the two diols, following Equation 7.1: 
 
CPTୟ୪୩୷୬ୣ୔୅ = (7.57 ± 0.92) + (0.75 ± 0.02) ∗ (% Tetraethylene Glycol)          (Equation 7.1) 
 
The CPT was also tuned by adjusting the amounts of alkene diol used for polymer 
synthesis. As demonstrated in Figures 7.10 and 7.11, the CPT of the polymer using pure functional 
alkene diol was determined to be 35°C while the CPT of the polymer using diol mixture showed 
linear dependence on the diol composition, following Equation 7.2:  
 























Figure 7.8. UV transmission measurements of the LCST transitions for different mixtures of 
alkyne diols used in PA4OH3V. Starting from the left: % Alkyne diol = 100%, 80%, 60%, 40%, 
20%, and 0%. The closed circles (dashed line) were obtained upon heating while the open 
circles (dotted line) were obtained upon cooling. 
 






















































Figure 7.10. UV transmission measurements of the LCST transitions of different mixtures of 
alkene diols used in PA4OH3V. Starting from the left: % Alkene diol = 100%, 80%, 60%, 40%, 
20%, 0%. The closed circles (dashed line) were obtained upon heating while the open circles 
(dotted line) were obtained upon cooling. 
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7.3.3. Degradation studies 
As demonstrated in Figures 7.12 and 7.13, the main-chain functional polyacetals were 
relatively stable under neutral conditions but degraded rapidly under low pH. The specific 
degradation rates of these synthesized polymers were characterized by SEC, which allowed for the 
determination of the number average molecular weights of the polymers as a function of time. The 
specific polymers tested were chosen because of their CPTs of approximately 37-42°C, which 
were close to the human body temperature of 37°C. For the internal alkyne polyacetal, the diol 
composition was 60% alkyne and 40% non-functional diols and for the internal alkene polyacetal, 
the diol composition was 80% alkene and 20% non-functional diols, both reacted with the same 
amount of tri(ethylene glycol) divinyl ether monomer.  The experiments were all conducted for a 
duration of 72 hours at 37°C, and periodic samples were taken to monitor the molecular weights 
of these polymers in phosphate buffer solutions of pH 3, 5.5, 6.5, and 7.4. As displayed in Figures 
7.12 and 7.13, an almost immediate decline in the molecular weight at pH 3 indicated the complete 
degradation of the polymer in less than 24 hours. After 72 days, a pH of 5.5 showed essentially 
complete degradation for both functional polymers; a pH of 6.5 showed approximately 50% 
degradation for the alkyne polyacetal and 75% for the alkene polyacetal; and a pH of 7.4 showed 
approximately a 10% degradation for the alkyne polyacetal and a 20% degradation for the alkene 
polyacetal. Therefore, the results indicate that the polymers were relatively stable under neutral 
pH but degraded rapidly at lower pH, confirming the acid catalyzed degradation mechanism of 
polyacetal as illustrated in Scheme 7.1.  




































Time [hrs]  
Figure 7.12. pH dependent degradation of 60% alkyne polyacetal (4OH3V). The polymers were 
incubated in phosphate buffer solutions of pH 3 (pentagon), 5.5 (triangle), 6.5 (circle) and 7.4 
(square). 
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Figure 7.13. pH dependent degradation of 80% alkene polyacetal (4OH3V). The polymers were 










7.3.4. Click reactions of main-chain functional polyacetal 
By incorporating internal alkyne or alkene functionalities into the backbones of polymers, 
any azide or thiol functional compound (i.e. therapeutic agents) can be grafted onto the main-
chains of the polymer by a Ruthenium-catalyzed azide-alkyne cycloaddition (RuAAC)26 or a thiol-
ene click reaction28,29 respectively, as demonstrated in Figure 7.14. The advantage of using a main-
chain functional instead of a side-chain functional polymer is the significantly higher density of 
functional sites per chain. For example, a linear polymer with only side-chain functionalities may 
only be conjugated with two molecules on either side of the chain. However, a main-chain 
functional polyacetal (using only functional diols) with a degree of polymerization of 41 can 
provide as much as 41 functional sites per macromolecule. Thus, these polymers are potentially 
attractive for developing novel functional materials in applications requiring high molecule 







Figure 7.14. RuAAC click reaction between internal alkyne polyacetal and benzyl azide (top) 






Figure 7.15. 1H-NMR of 60% alkyne polyacetal (4OH3V) before (top) and after (bottom) RuAAC 
with benzyl azide, recorded in CDCl3 
 
As demonstrated in Figures 7.15 and 7.16, 1H-NMR and SEC were employed to study the 
RuAAC coupling reaction between internal alkyne and benzyl azide. Initial attempts to graft the 
azide functional molecule onto polymer backbones using Cp*RuCl(PPh3)2 catalyst were 
unsuccessful. However, when the catalyst was switched to Cp*RuCl(COD) complex, we were able 
to successfully perform the RuAAC reaction without difficulty. For this reaction, 60% internal 
alkyne polyacetal (4OH3V) and benzyl azide were incubated with Cp*RuCl(COD) catalyst in 





spectra before and after the incubation. The disappearance of the proton neighboring the internal 
alkyne at ߜ=4.25 ppm, and the appearance of the proton from the benzyl azide at ߜ=5.67 ppm and 
ߜ=7.25 ppm as well as of the proton adjacent to the triazole at ߜ=4.6 ppm, all indicate a successful 
RuAAC reaction. The SEC chromatograms before and after the incubation are shown in Figure 
7.16. To account for the concentration differences between the two polymer samples during SEC 
injection, both UV and RID chromatograms, were normalized by a factor to make the area below 
the refractive index signal equivalent to 1. As shown by the two superimposed RID signals, the 
molecular weight distributions of the polymers were approximately the same before (Mn=15.3 
kg·mol-1; PDI 2.10) and after (Mn=14.9 kg·mol-1 PDI=2.15) RuAAC, indicating the absence of 
polymer degradation. However, the superimposed UV chromatograms, indicate that the UV signal 
after the click reaction was significantly enhanced. Since the reaction grafted the UV-active benzyl 
azide group onto the backbone of the polymer, the enhancement in the UV signal thus indicates a 
successful click reaction.  
 
 
Figure 7.16. RID (left) and UV (right) SEC chromatograms of 60% alkyne polyacetal (4OH3V) 
before (black line) and after (red line) RuAAC with benzyl azide.  
 






























The thiol-ene click reaction was performed on the alkene polyacetal with benzyl mercaptan 
and analyzed by 1H-NMR and SEC, as shown in Figures 7.17 and 7.18. The reaction was 
conducted using 80% internal alkene polyacetal (4OH3V) and 1.5 molar equiv. benzyl mercaptan 
in deoxygenated THF under constant UV irradiation (λ=254nm). After 14 hours, the samples were 
precipitated (5x) in excess n-hexane and analyzed by SEC and NMR. Figure 7.18 shows the 1H-
NMR spectra before and after the incubation, indicating the successful thiol-ene click reaction, as 
confirmed by the decrease in the peak area of the protons associated with the alkene functionality 
at ߜ=5.75ppm as well as the appearance of the protons from the benzyl group at 7.25ppm and the 
thiolether group at ߜ=1.8ppm and ߜ=3.95ppm. The normalized SEC chromatograms before and 
after the incubation are shown in Figure 7.17, in which a small shift in molecular weight 
distribution before (Mn=14.2 kg·mol-1; PDI 2.41) and after (Mn=13.3 kg·mol-1 PDI=2.91) the 
click reaction suggests minimal degradation. Once again, the superimposed UV chromatograms in 
Figure 7.17 show that the UV signal of the polymer after the click reaction was significantly 
enhanced, confirming the successful thiol-ene click reaction.  
 
 
Figure 7.17. RID (left) and UV (right) SEC chromatograms of 80% alkene polyacetal (4OH3V) 
before (black line) and after (red line) thiol-ene click reaction with benzyl mercaptan.  
 







































Figure 7.18. 1H-NMR of 80% alkene polyacetal (4OH3V) before (top) and after (bottom) thiol-











Figure 7.19. Synthesis of α-azido,ω-vinyl ether heterobifunctional molecular linker. 
 
 
 Oftentimes, molecules such as therapeutic agents cannot be modified to contain click 
functionalities without affecting their activity, rendering them incompatible for conjugation with 
main-chain functional polyacetal. In order to broaden the scope of potential molecules for 
conjugation, we successfully synthesized an α-azido,ω-vinyl ether heterobifunctional molecular 
linker, as shown in Figure 7.19. This molecule, (2-azidoethoxy)ethyl vinyl ether, was prepared by 
first converting the alkyl alcohol of commercially available di(ethylene glycol) vinyl ether into an 
alkyl tosylate through the addition of p-toluenesulfonyl chloride. The tosylate group was 
transformed into an azide functionality via SN2 reaction with sodium azide in DMF at 60ºC. The 
successful synthesis of (2-azidoethoxy)ethyl vinyl ether is confirmed by the 1H-NMR spectra in 
Figure 7.22 (top) that shows all the resonance corresponding to the structure of the molecular linker. 
As illustrated in Figure 7.21, reaction of the vinyl ether functionality of the building block with 
any hydroxyl compound using PPTS catalyst creates an acid degradable acetal linkage that joins 
the two molecules, giving the final product an azide functionality. To illustrate this concept, the 
molecular linker was reacted with a phenylmethanol in the presence of PPTS to give (2-(1-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)benzene in one step (Figure 7.21). Successful conjugation was 





associated with the vinyl ether group at ߜ=6.41 ppm, ߜ=3.96 ppm, and ߜ=4.15 ppm as well as the 
appearance of the acetal protons at ߜ=4.65 and ߜ=1.23ppm. The presence of the azide 
functionality thus enables subsequent RuAAC reaction with internal alkyne polyacetal, as 
illustrated in Figure 7.20. Moreover, the linker itself is intrinsically biodegradable, and under 
acidic environments releases the pure hydroxyl compound in its pre-conjugation state. 
 














Figure 7.22. 1H-NMR of (2-Azidoethoxy)ethyl vinyl ether molecular linker (top) and (2-(1-(2-(2-







7.4.  Summary 
 
Chapter 7 introduces a new family of molecular building blocks consisting of temperature-
responsive and acid-degradable polyacetals with main-chain functionalities. These functional 
polymers exhibited remarkable LCST behavior where the CPT could be tuned precisely to any 
temperature from 7-84ºC, by controlling the ratio of functional to non-functional polymers used 
for polymerization. Inclusion of functional diols as starting materials for polyacetal synthesis 
introduced the potential for backbone functionality of these polymers. Corresponding click 
reactions (i.e. RuAAC and thiol-ene click reactions) were performed to demonstrate the possible 
attachment of small molecules to the alkyne or alkene functional sites that are distributed 
throughout the polymer backbones. We further showed that these polyacetals were relatively stable 
at neutral pH but degraded rapidly under acidic conditions, simultaneously releasing the grafted 
molecules. Finally, to broaden the scope of potential molecules for conjugation with the internal 
functional sites of the polymer, an α-azido,ω-vinyl ether heterobifunctional molecular linker was 
prepared as confirmed by 1H-NMR. The linker can be conjugated with virtually any hydroxyl 
molecule, providing the molecule with an azide moiety that enables the subsequent RuAAC 
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